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General Introduction 
Carbon dioxide transport in mammalian blood has been studied less thoroughly 
than oxygen transport. This may largely be due to the more complex nature of 
the process itself which involves interactions of CO2 with water as well as with 
proteins (hemoglobin and possibly plasma proteins). Another reason is un­
doubtedly the more complicated methodology required to estimate CO2 and its 
constituents in blood. Oxygen polarography has proven to be a reliable and 
fast method to determine oxygen partial pressure in liquids and spectrophoto­
metry of hemoglobin provides an accurate means for estimating its fractional 
saturation with oxygen. In the case of carbon dioxide, however, equivalent 
methods are not available and the techniques used are, except for the Stow 
electrode, either indirect or unspecific. The gap of knowledge between oxygen 
and carbon dioxide transport is best illustrated historically by reference to the 
fact that the oxygen equilibrium curve of hemoglobin was established as early 
as 1870 whereas the first CO2 equilibrium curve, which implies the combination 
of CO2 with hemoglobin forming its carbamate compound (figure 4.8), has not 
been reported before 1971, i.e. at the same time when continuous recording of 
oxygen equilibrium curves in vivo (by combining fiber optic reflexion oximetry 
with oxygen polarography) is starting to be common practice in respiratory 
physiology. 
The initial purpose of this thesis was to construct a fast-responding CO2 micro-
electrode suited for in vivo application to physiological as well as clinical 
purposes. Results obtained with microelectrodes based on two different prin­
ciples are reported in chapters 1, 2 and 3. 
It was intended to study the kinetics of the combination of hemoglobin with 
CO2 (carbamate formation) by these new electrodes in conjunction with a 
Hartridge-Roughton continuous flow apparatus. Such experiments were, how­
ever, postponed in view of the fact that equilibrium conditions of the CO2-
hemoglobin interaction appeared to be studied incompletely and interpreted 
incorrectly. Chapter 4 reports results obtained from experiments on the carba­
mate equilibrium of bovine hemoglobin at 37.0° С The CO2 binding sites 
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(terminal amino groups) of hemoglobin which were previously assumed to be 
equivalent in their CO2 binding properties were found to differ significantly in 
their affinity for CO2. A first approach to elucidate the affinity constants in 
terms of ionization and carbamate-equilibrium constants for individual binding 
sites is given in chapter 5 which deals with the preparation of bovine hemoglobin 
derivatives specifically modified at the terminal amino groups of either α or β 
chain. It is expected that carbamate studies on these derivatives will finally 
provide sufficient information to quantitatively elucidate the interaction of 
hemoglobin with CO2. 
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greatly appreciated. 
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Thanks are due to Miss E. Maassen for carefully typing the manuscript, 
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Chapter 1 
T H E C O 2 - Q U I N H Y D R O N E E L E C T R O D E , A NEW M E T H O D 
TO M E A S U R E Ρ A R T I AL C 0 2 PRESS URE I N GAS ES 
A N D L I Q U I D S 
INTRODUCTION 
Continuous in vivo recording of CO2 pressure in the gas phase has long been 
common but continuous in vivo monitoring in fluids (particularly in blood) has 
been impeded by the relatively large dimensions and the slow response of the 
available devices. A method of measuring CO2 pressure in liquids accurately 
and rapidly by a miniaturized instrument (analogous to the oxygen electrodes 
developed by Schuier and Kreuzer (1967) and Kimmich and Kreuzer (1969)) 
might presumably help to solve many problems in physiology and reaction 
kinetics as well as in clinical medicine. 
The CO2 electrode developed by Stow and Randall (1954), Stow, Baer and 
Randall (1957), and Gertz and Loeschcke (1958), has an accuracy of approxima­
tely 2 % at a PCO2 of 50 mm Hg and a response time of 1.25 min for 99.5 % 
deflection (Рсог changing from 47 to 26 mm Hg) (Lunn and Mapleson, 1963). 
Microelectrodes as described by several authors (Constantine, Craw and 
Forster, 1965; Rybak and Penfornis, 1969) have a decreased response time but 
less stability and a short life time. 
It was attempted first to improve the performance of this type of microelectrode 
applying the technological possibilities available at the time of the present study 
but no substantial progress could be achieved. Therefore another approach for 
measuring CO2 pressure in fluids was followed with particular reference to 
miniaturization for in vivo monitoring. The quinhydrone electrode system, 
previously applied to pH measurements, was modified in such a way as to make 
it suited for determination of CO2 pressure. 
PRINCIPLE 
Reversible oxidation-reduction systems in which hydrogen ions participate may 
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be suited for the determination of pH. For this purpose the oxidation-reduction 
potential should be a well defined function of the pH of the solution. It will 
be shown that the quinhydrone system satisfies this requirement to a high extent. 
Equations (i) and (2) describe the oxidation-reduction reaction and the cor­
responding electrode potential : 
Q + 2H+ + 2e- ^ H2Q (i) 1 
RT асКан")2 RT aq RT 
E = Eo H In = Eo -\ In 1 In aii+ (2) 
2F ан2<з 2F aH2Q F 
aq, aH2Q, an + represent the quinone, hydroquinone and hydrogen ion activity, 
respectively, and Eo is the standard electrode potential. 
If the activities of quinone and hydroquinone are the same the electrode po­
tential becomes independent of any of these species and is a function of the 
hydrogen ion activity only. This condition may be fulfilled, according to Bates 
(1954), when using quinhydrone, an equimolar compound of quinone and hy­
droquinone. 
This system has been introduced already in the pre-glass electrode years by 
Haber and Russ (1904) as a standard method of pH determination; Eo at 
25.o°C was determined as 0.69992 V (Harned and Wright, 1933) or 0.69961 V 
(Hovorka and Dearing, 1935). 
In a series of experiments the electrochemical properties of this system were 
reinvestigated with special emphasis on the influence of time, presence of oxy­
gen, chloride concentration and light possibly affecting the electrode potential. 
Subsequently a membrane-covered electrode was constructed with as reference 
either a calomel or an Ag-AgCl electrode. The performance of this electrode was 
compared with that of the Stow-type electrode. 
MATERIALS AND METHODS 
Experiments were performed in an all-glass thermostated cell filled with a 
quinhydrone solution (usually io~3 M/l). Quinhydrone was obtained from 
British Drug House and used without further purification. All stock solutions 
were stored in the dark. 
Platinum wires were melted in glass. Physically pure platinum was used (ob-
1
 According to European convention (ШРАС Stockholm 1953). 
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tained from Drijfhout). The electrodes were cleaned electrolytically (voltage 
io V during 1.5 min; platinum electrode negative) in preheated Krause solution 
(15 g % Na 2C03, 5 g % KCl, 5 g % KCN and ι g % NaCl in water), immersed 
in concentrated nitric acid and washed ultrasonically in bidistilled water. 
As a reference electrode either a calomel or an Ag-AgCl electrode was used. The 
calomel electrode (Radiometer type К 401) filled with 0.1 N KCl or saturated 
KCl was placed in a side arm of the cell separated from the main solution by a 
sintered glass filter in order to prevent sticking of gas bubbles at the calomel 
liquid junction. A platinum or silver wire, melted in glass, was cleaned as 
described before, plated electrolytically with silver in a KAg(CN)2 solution of 
10 g/1 with a current of 0.25 mA per cm2 during 20 h, rinsed with bidistilled 
water and chlorided in 0.1 N HCl with 2.5 mA per cm2 during 30 min. The 
electrodes were stored in ю - 4 M/1 KCl. Before each experiment the electrode 
was checked against a saturated calomel electrode in a solution of 12.82 g/ioo 
ml KCl. The resulting potential should be between 18 and 24 mV in the tempe­
rature range of 20-30oC. 
The quinhydrone solution was equilibrated by bubbling different preheated and 
humidified gas mixtures through the solution. pH was measured with a glass 
electrode (Radiometer G 202 С) connected to a Radiometer pH 4 meter. E values 
were measured by a Hewlett Packard voltmeter with digital read-out (HP 
3439 A with 3244 A DC multi function unit). Quinhydrone, quinone and hydro-
quinone spectra were scanned by a double beam recording spectrophotometer 
(Hitachi Perkin Elmer model 124). 
Construction of membrane-covered electrodes 
The platinum calomel unit (Figure 1.1) 
As shown in figure 1.1 a platinum ring (o.d. 4.9, i.d. 4.5 mm) was mounted 
around the liquid junction of a calomel electrode (Radiometer typeK 401). Before 
mounting the ring was insulated by dipping it four times into 985 E Araldit 
(Ciba) during 15 min and drying it at i20°C. Then it was fixed to the calomel 
electrode by 820 Araldit. After drying it for seven days the surface of the ring 
was carefully polished to remove the insulation. Extreme care was taken not 
to damage the insulation at the edges of the ring. The combined electrode was 
mounted in a lucile housing to which a CO2 permeable membrane was attached 
by an О ring. The whole system including a sample chamber was maintained at 
constant temperature by a thermostating cuvette. 
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FIGURE i.i Construction of the C02-qumhydrone electrode 
The platinum Ag-AgCl unit 
A platinum plate with a surface of about 8 mm2 together with a silver ring 
(o.d. 6.8, i.d. 5.8 mm) was melted into glass (not shown by figure). After the clea-
ning procedure the silver ring was chlorided as described above. The electrode 
was assembled and mounted in the same thermostating cuvette as the platinum 
calomel unit. 
Operation of the electrode 
The combined electrode was rinsed with the solution to be studied. A membrane 
(Silastic 25 μ or teflon 6 μ) was mounted and the electrode housing was filled 
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with a fresh solution of about 2 ml quinhydrone ( ю - 3 M/l) and KCl (0.1 N) 
with or without sodium bicarbonate (io~3 M/l). The electrode unit was screwed 
into the lucile housing until the membrane was touched. Bulging of the mem­
brane was avoided. A spacer (lens paper) was used in order to stabilize the 
fluid layer between membrane and electrode. The assembled electrode was 
screwed into the thermostating cuvette and allowed to stand for about two 
hours until the electrode potentials were stable (drift of 0.2 mV/h or less). A 
calibration curve with different CO2 gas mixtures saturated with water vapor 
at electrode temperature was taken by plotting the electrode potential against 
the logarithm of the CO2 partial pressure. 
RESULTS 
I. Titration curve of quinhydrone 
A quinhydrone solution was titrated with KOH under nitrogen at 25.0o С. КОН 
was used because of its low alkaline error on the glass electrode. The pK value 
E(mV) , 
• 200 
• 150-
+ Ю0-
+50 
0 
-50 
-100 
* 5 б 7 β 9 pH 
FIGURE 1.2 E vs pH curve of i o - 3 M/l quinhydrone in 
water against a saturated calomel electrode at 25.0° С. 
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of hydroquinone was found to be 10.32 ± 0.08 (average of four determinations) 
in agreement with values reported in the literature (Weast and Selby, Handbook 
of Chemistry and Physics, 1966: 10.35 a t 20.o0C). 
2. E vs pH curves in absence and presence of CO г 
A quinhydrone solution was titrated with acid and alkali at 25.0°С Figure 1.2 
presents a typical E vs pH curve; in this case a value of —ΔΕ/ΔρΗ of 57.6 
mV/pH and a standard potential (Eo) of 699.8 mV were obtained. At pH values 
exceeding 9.2 a deviation from linearity was observed, resulting in a decrease 
of slope, partially due to ionization of hydroquinone and to autoxidation of 
hydroquinone and quinone. A —ΔΕ/ΔρΗ value of 58.2 ± ιη mV/pH and an 
Eo value of 700 ± 4 mV were derived from 25 E vs pH curves with quinhydrone 
concentrations ranging from ю - 3 to 25.10-3 M/l at 25.0 ±_ o.i 0C. Titration of 
the quinhydrone solution was also performed by equilibrating the solution with 
gas mixtures of different CO2 concentrations. The E vs pH curve obtained in 
E(mV) . 
- 8 0 -
-60-
-40 
-20 
10 20 -ΊΟ 60 β0100 
p c o 2 ( m m H ^ 
FIGURE 1.3 E vi log PCOJ curve of IO- 3 
M/l quinhydrone in 0.1 N KCl against an 
Ag-AgCl electrode at 25.0o С ; io" 3 M/l 
NaHCOs was added to the quinhydrone 
solution. 
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this way did not differ significantly from the curve shown in figure 1.2, neither 
in slope nor in EQ. 
Since bicarbonate increases the change in pH upon equilibration with gas mix­
tures of different CO2 concentration, E vs pH and E vs log Рсог curves were 
taken after addition of sodium bicarbonate (io~3 M/l) to the quinhydrone 
solution (Figure 1.3). The presence of bicarbonate did not influence the slope 
of the E vs pH curve. Apart from the sign, the slope of the E vs log PCO2 curve 
was found to be nearly equal to that of the E vs pH curve (55.8 and 58.2 resp.) 
resulting in a —ApH/AlogPco2 value of 0.96 in good agreement with experi­
mental values obtained by the Stow electrode (Severinghaus and Bradley, 1958). 
In these conditions the redox system was therefore as sensitive to changes in 
CO2 pressure as the glass electrode. 
3. Influence of chloride concentration 
When using an Ag-AgCl electrode as a reference electrode, relatively high chlo­
ride concentrations with respect to quinhydrone will be present in the electrode 
solution, which might disturb the quinone-hydroquinone activity ratio and 
therefore the electrode potential. Moreover quinone is known to be chlorinated 
especially at acid pH in the presence of suitable metallic catalysts. 
Solutions of ю - 3 M/l quinhydrone in water, 0.1 N KCl, 0.5 N KCl and 1 N KCl 
were titrated at constant temperature (24.9 ± о.^C) with acid and alkali; the 
pH and the corresponding electrode potential were measured against a saturated 
calomel electrode. From the resulting E vs pH curves no significant alteration 
in slope and position could be detected up to a chloride concentration of 
0.5 N KCl. At 1 N KCl the curve was shifted to the right (change of Eo); 
furthermore there was a loss of stability and an increased scatter of the experi­
mental values. 
4. Influence of oxygen 
Since a CO2 electrode as suggested here is operating by a change in the oxida­
tion-reduction state of the quinone-hydroquinone system according to variations 
in pH, it will only reflect partial CO2 pressure accurately if its oxidation-
reduction potential is not affected by oxygen as well. 
After addition of acid or alkali a 10 "3 M/l solution of quinhydrone was equili­
brated during 20 min first with nitrogen, then with 11.4 % oxygen and eventually 
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again with nitrogen, the pH and electrode potential being determined after each 
equilibration. There was no significant difference between E vs pH regression 
lines in the presence or absence of 11.4 % oxygen at pH values up to about 
7.5 (Figure 1.4) 
E(inV) 
+ 3 6 0 -
+ 5 2 0 -
+ 2 6 0 -
+ 2 4 0 -
+ 200 
+ 160 
+ t20 
+ Θ0 
+ +0 
0 
- 40 
- 80 , - - , - _, , , , , , , 
1 2 3 4 5 6 7 8 9 
pH 
FIGURE 1.4 E vs pH curve of ю - 3 M/1 quinhydrone in 
water with and without oxygen (11.4 %). 
5. The influence of time and light on the spectral properties of quinone, hydro-
quinone and quinhydrone solutions in water and in 0.1 N KCl 
Stock solutions of quinone, hydroquinone and quinhydrone, all i o - 3 M/l in 
water or 0.1 N KCl, were divided into two parts, one stored in the dark and the 
other exposed to daylight and at night to a 100 W bulb at a distance of about 
40 cm. Visible and ultraviolet (U.V.) spectra of these 12 solutions were taken 
after 6, 22, 46 and 70 h. The pH of each solution was measured at the same 
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10"3M/I quinhydrone 
о with 100 % nitrogen 
+ with 11.4 0/o oxygen in nitrogen 
time. The influence of bicarbonate on these spectra was studied similarly by 
adding io~3 M/l NaHCOa to freshly prepared stock solutions described above. 
All solutions were left in contact with air. 
Visible spectra 
Quinone and hydroquinone do not show much absorption in the visible spec­
trum contrary to the U.V. region. There is some minor absorption at 430 тц, 
but the molar extinction coefficient (ε) of quinone is only about 20 and that of 
hydroquinone around 0.1. Quinhydrone, however, and other compounds of 
equivalent resonance structure present a very strong absorption of the order 
of io4-io5 (Michaelis and Granick, 1944). Therefore an increase of optical 
density (O.D.) at 430 ιημ may be attributed exclusively to the presence of quin­
hydrone. A native mixture of quinone and hydroquinone, containing only 
small amounts of quinhydrone, should have low optical absorption. Figure 1.5 a 
however indicates that the O.D. becomes and remains higher soon after con­
tinued exposure to light. The concomitant decrease of pH suggests that this 
change in O.D. may be due to the formation of acid reaction products. In 
contact with air hydroquinone and quinone are known to be oxidized, forming 
brown acidic polymeric products (Eller and Koch, 1920), the rate of formation 
depending on the pH of the solution. Since the solutions are prepared in the 
t.me(h) 
FIGURE 1.5 Influence of time and light on the optical density at 430 τημ and on the pH of 
quinhydrone solutions with or without ю - 3 M/l NaHCCh: 
а ю
- 3
 M/l quinhydrone in water; 
b ю - 3 M/l quinhydrone in 0.1 N KCl. 
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presence of light, these changes presumably occur already at this moment. 
When the solution is stored in the dark after having been prepared, the O.D. 
becomes very low with time and the pH remains higher (Figure 1.5 a) which 
may indicate that the changes induced by light are reversed. 
According to La Mer and Rideal (1924) and Dingemans (1928) the velocity of 
autoxidation and therefore the formation of acid polymer compounds increases 
with rising pH as seen from the course of the O.D. after adding io - 1 M/l bicar-
bonate. Here the decrease of pH is more moderate due to the increased buffer 
capacity of the bicarbonate solution. There is practically no effect of light on 
the change in O.D. here. 
Data obtained from quinhydrone solutions in 0.1 N KCl are plotted in figure 
1.5 b. The O.D. decreases with time whereas the pH remains constant. This 
excludes the possibility of formation of acid polymerization products. There is 
practically no influence of light. Addition of bicarbonate accelerates the forma-
tion of quinhydrone-like acid products as seen also from the decreasing pH. 
Light enhances this process. 
1 1 • 
250 300 J50 
FIGURE 1.6 U.V. spectra of quinone, 
hydroquinone and quinhydrone in water. 
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U.V. Spectra 
Figure 1.6 demonstrates that in water, apart from a high intensity maximum 
near 247 ιημ, quinone shows in the U.V. region a band of moderate intensity 
near 292 (ε~5θθ), the wave length position and degree of absorption varying with 
solvent composition (Scheibe, 1926; Braude, 1945). Hydroqumone spectra have 
an absorption maximum at about 290 ιημ and a relative minimum at 250 πιμ 
(Michaelis and Granick, 1944). 
It is concluded from the absence of any shift of the absorption maximum and 
of any change in the extinction coefficient between these spectra in water and 
in 0.1 N KCl, that no substitution of chloride has occurred in these condì tons 
as suggested though never proved by several authors (La Mer and Baker, 1922; 
Harned and Wright, 1933). 
In figures 1.7 a, b and с the spectra of quinhydrone in water, in 0.1 N KCl and 
with bicarbonate in 0.1 N KCl after varying periods of time are presented when 
250 300 350 250 300 350 250 300 350 
λ (Γημί 
FIGURE 1.7 UV. spectra of quinhydrone solutions exposed to light for o, 5, 22, 46 
and 70 h. 
a quinhydrone in water; 
b quinhydrone in 0.1 N KCl; 
с quinhydrone in 0.1 N KCl with ю - 3 M/l ЫаНСОз. 
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exposed to light. The spectral changes of quinhydrone in water may be largely 
attributed to the formation of oxidation products of quinone (Figure 1.7 a). 
This process evolves considerably more slowly in the absence of light (not 
shown here); no spectral changes were observed after storage of quinhydrone 
in the dark for 22 h. Spectra of hydroquinone in water undergo changes in the 
presence and absence of light which suggests a reversible oxidation to quinone. 
The spectral changes of quinhydrone solutions as observed in water are com­
pletely absent in 0.1 N KCl (Figure 1.7 b). The same holds for quinone with or 
without light. Hydroquinone, however, shows reversible changes related to 
quinone formation which are not influenced by light. 
Considerable changes (increase of absorption in the U.V. region) in the spectra 
of quinhydrone (Figure 1.7 c), quinone, and hydroquinone in water or in 0.1 
N KCl were seen immediately after adding ю - 3 M/l NaHCOs. These alterations 
are highly suggestive of quinone oxidation and polymer formation. No specific 
effect of light was noticed. 
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F I G U R E 1.8 Calibration lines of the CCb-quinhydrone 
electrode with bovine blood equilibrated with various CO2 
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6. Properties of a CO2-quinhydrone electrode prototype 
Stability and calibration 
The stability of the electrode with ю - 3 M/l quinhydrone in o.i N KCl is better 
than 0.2 mV per hour which is equal to the drift of the CO2 electrode (Radio­
meter type E 5036) according to Stow et al. (1957). Upon addition of bicarbo­
nate the stability is somewhat less. Repeated calibration within short intervals 
of time is therefore required. Calibration lines with CO2 gas mixtures were 
similar to that shown in figure 1.2. Figure 1.8 was obtained with bovine blood 
equilibrated with CO2 at 37.0o С with and without bicarbonate added to the 
electrode solution. In both cases the values of the sensitivity (—ApH/Alog Рсог) 
agreed with corresponding values found with the Stow electrode (Severinghaus 
and Bradley, 1958). 
Response time and error 
The response time for 95 % deflection at 35.6oС is shown in figure 1.9 and 
equals 120 sec (on) and 180 sec (off) after а Рсог step change between 5.5 and 
β TO 
time (mm) 
FIGURE 1.9 Response time of the C02-quinhydrone electrode after 
a ten-fold increase of Pco2 (from 5.5 to 51.8 mm Hg). Electrode with 
6 μ teflon membrane; no bicarbonate added to the quinhydrone 
solution. 
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51.8 mm Hg (6 μ teflon membrane, no bicarbonate added to the quinhydrone 
solution). This response time is comparable to that obtained with the Stow 
electrode (Lunn and Mapleson, 1963). 
The standard deviation estimated from 12 determinations at а Рсог of 42 mm 
Hg without bicarbonate added to the quinhydrone solution is about twice as 
high (4 %) as that in the Stow electrode. 
Similar results were obtained when using an electrode system with an Ag-AgCl 
electrode as a reference. 
DISCUSSION 
The quinhydrone electrode, widely applied before the introduction of the glass 
electrode and still in use even in recent times (Dahlgren and Goodfriend, 1970), 
has proved to be a good substitute for the hydrogen electrode. However, its 
performance in practice is subject to several limitations, particularly at the ex­
tremes of the pH scale, the main limitations arising from effects disturbing the 
quinone-hydroquinone activity ratio. Some of these will be discussed as far as 
they might interfere with Рсог estimation. 
1. Acid-base reactions 
The acid-base reactions of hydroquinone and quinone may affect this ratio to 
a certain extent depending on the pH of the solution. At alkaline pH the con­
centration of undissociated hydroquinone is lowered according to its dissoci­
ation constant, resulting in an increase of E ; at very low pH E is expected to be 
diminished because of the alkaline properties of quinone in strongly acid solu­
tion. These influences occur with hydroquinone (pK. = 10.32) at pH values 
higher than 8 and with quinone below a pH of 2 (Biederman, 1956); these 
regions are outside the working range of the quinhydrone electrode used for 
CO2 determination. 
2. Semiquinone formation 
It was suggested by Michaelis (1935) that in many organic bivalent oxidation-
reduction transitions, stable free radicals (semiquinones) were involved which 
had an oxidative state intermediate between reduced and oxidized form. The 
presence of semiquinones as an intermediate step in the reversible oxidation-
reduction of quinhydrone would obviously interfere with reaction 1 (above) and 
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would change accordingly the slope of the E vj pH curve. Alterations in slope 
were demonstrated by Michaelis (1935) for many compounds, strongly sup-
porting the existence of these intermediates; but such deviations are absent in 
the case of quinhydrone in the pH region being studied here. At acid and neutral 
pH, the concentration of semiquinone is extremely small because of its tendency 
to pass to quinone and hydroquinone or to their combined form of quinhydrone 
(Wagner and Grünewald, 1940). Therefore no inflections in the E vs pH curve 
are seen in this pH region. 
3. Autoxidation 
La Mer and Rideal (1924), Dingemans (1928), and James, Snell and Weissberger 
(1938) studied the autoxidation of hydroquinone by measuring its oxygen con-
sumption at various pH values. It was found that at alkaline pH (8.2) the first 
products of this oxidation were quinone and hydrogen peroxide, the reaction 
velocity being proportional to the concentration of dissolved oxygen and of 
hydroquinone, and to the square of the hydroxyl ion concentration. At acid 
and neutral pH no oxidation in the presence of air could be detected. This is 
also confirmed by the observations shown in figure 1.4 on quinhydrone solu-
tions equilibrated with 11.4 % oxygen during 20 min. 
Quinone too is oxidized at alkaline pH. In contact with air oxidation starts 
slowly at a pH of about 7.4, but rapidly increases at higher values (Dingemans, 
1928), forming oxyquinone which in turn polymerizes to dark brown acid pro-
ducts. From elementary analysis a composition of (C6H4O3) was obtained for 
these so-called humic acids (Eller and Koch, 1920) whose molecular weight 
and chemical structure are unknown at present. 
The spectral changes observed in quinone and quinhydrone solutions (Figure 
1.7) are similar to those found in the enzymatic oxidation of catechol where 
polymeric products are formed too (catechol melanin; Mason, 1949). It is 
generally assumed that in all these autoxidations free radical reactions are in-
volved. Therefore both light by stimulating semiquinone formation (photo-
dissociation of quinone; Leighton and Forbes, 1929) and alkaline conditions 
by stabilizing these anionic radicals will promote autoxidation. Chloride ions 
seem to offer some protection against this light effect. 
From figures 1.5 and 1.7 с it is seen that the electrode solution never should be 
allowed to exceed pH values of about 7.2. Thus addition of about ю - 3 M/l 
bicarbonate, although increasing the sensitivity considerably (up to 100 %), 
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should always be avoided in those cases where stable and accurate readings are 
required at low Рсог values. 
4. Influence of chloride 
Chemical reactivity of quinone 
Instability of electrode potentials as sometimes observed in acid solutions con­
taining a high concentration of chloride ions (2 N) is said to result from chlori-
nation of quinone (La Mer and Baker, 1922; Harned and Wright, 1933; 
Hovorka and Dearing, 1935). At a chloride ion activity of 0.1N KCl as applied 
in the electrode solution and commonly used in determinations of the quin-
hydrone standard potential, no chemical evidence could ever be presented for 
the formation of chlorohydroquinone. 
In figure 1.7 no changes in U.V. spectra were observed compatible with chlori-
nation of quinone (Braude, 1945). Therefore it seems rather unlikely that chlori-
nation of quinone will seriously affect Рсог estimation. 
Salt error 
It has been demonstrated by Serensen, (1923) and Linderstram-Lang (1927) 
that several ions have a disturbing effect upon the quinone-hydroquinone acti­
vity ratio. This so-called salt error appeared to be dependent on the nature and 
the activity of the ion involved and on pH and temperature of the solution. At 
low pH it is practically independent of pH. 
From the data of Hovorka and Dearing (1935) the effect of 0.1 N KCl may be 
calculated to raise the measured pH value by 0.00372 at 25.0° С and pH of 
about 2. It was found that at pH values above 4 the salt error is considerably 
higher, especially in 1 N KCl solution, together with an increased scatter at 
high chloride activities. According to Gabbard (1947) this larger salt error at 
higher pH values may be due to the acid-base reaction of hydroquinone. It 
therefore seems necessary to hold chloride ion activity in the electrode solution 
at a constant level which is achieved by using a 0.1 N calomel electrode as a 
reference. 
5. Preparation and properties of the COi-quinhydrone electrode 
Choice of the metal 
On the basis of rather conflicting evidence obtained by several authors (Biilmann 
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and Lund, 1921; Biilmann and Jensen, 1927; Rosenthal, Lorch and Hammett, 
1937) both platinum and gold are recommended as the optimal material to be 
used in the construction of highly reproducible quinhydrone electrodes. In this 
investigation platinum was chosen according to the suggestion of Livingston 
et al. (1932) and Lammert et al. (1931), based on 22000 measurements in 7500 
cells. Gold electrodes were less reproducible and sometimes showed inexplicably 
erratic behavior, but seemed to be less sensitive to the presence of air. 
Stability and reproducibility 
According to the original papers by Biilmann and Lund (1921), and Biilmann 
and Jensen (1927), quinhydrone electrode potentials, as measured between two 
different electrodes or against the hydrogen electrode, could be estimated with 
a precision of 0.05 mV or better. Stability is of the order of 0.02 mV during 
about 4 h according to these authors and reproducibility is said to be excellent 
(Veibel, 1923). It was pointed out (Livingston et al., 1932) that these values refer 
only to optimum conditions and are highly dependent on the preparation of 
the electrode and the composition of the solution to be studied. Under circum­
stances as mentioned above it was never possible to get a stability better 
than 0.1 mV per hour, a deviation five times higher than in the experiments of 
Biilmann but low enough to give reliable pH values as compared with the glass 
electrode. The loss of stability is probably due to the construction of the plati­
num electrode which could not be cleaned as rigorously as recommended by 
Biilmann and Jensen (1927) and Livingston et al. (1932). 
The properties of the quinhydrone electrode as CO2 electrode are fully com­
parable to those of the Stow electrode. Stability and response time are of the 
same order of magnitude. The error in PCO2 is somewhat higher which may be 
largely attributed to imperfections in the construction of the cell holder. Com­
pared with the Stow electrode it has the advantage of being an inexpensive low 
impedance electrode which may be miniaturized more easily and therefore 
might be adapted to in vivo Рсог estimation. 
SUMMARY 
An electrode is described consisting of a combined platinum-calomel electrode 
(or Ag-AgCl electrode) immersed in 0.1 N KCl solution with ю - 3 M/l quin­
hydrone and separated from the medium by a CO2 permeable membrane. The 
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whole system is thermostated. The resulting electrode potential is linearly rela-
ted to the logarithm of the CO2 partial pressure of the medium. 
From 25 E VÍ pH curves at 25.0 ± 0.ioC with quinhydrone concentrations 
ranging from 1 to 25 ю - 3 M/l a —ΔΕ/ΔρΗ value of 58.2 ± 2.7 mV/pH was 
derived and Eo was 700 ± 4 mV. 
Addition of 0.25 M/l NaHCOs to the electrode fluid changed AE/Alog Рсог 
from 29.7 to 57.2. The effect of chloride ions and oxygen on the electrode poten­
tial and the influence of time and light on the spectral properties of quinhydrone 
were studied. Stability, response time, and error of РСО2 in this electrode 
system were of the same order of magnitude as in the Stow electrode. 
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Chapter 2 
A S INGLE-UNIT CO2-OXYGEN S E N S I N G 
M I C R O E L E C T R O D E SYSTEM 
INTRODUCTION 
In this chapter a microelectrode system is presented based on the quinhydrone 
oxidation-reduction principle described previously. In addition to and indepen-
dent from its CO2 sensing properties this system is demonstrated to function 
as a Clark-type oxygen electrode as well. 
MATERIALS AND METHODS 
Preparation of platinum electrodes 
The influence of shape and size of the platinum electrode on the slope of the 
E VÍ pH curve of quinhydrone was studied on thirteen platinum electrodes of 
three main forms (ring, plane and rod) and surface areas ranging from 0.003 t o 
23 mm2. Nine of these electrodes with surface areas of 0.2 mm2 or larger were 
prepared by melting physically pure platinum (obtained from Drijfhout) in 
glass. For the other four electrodes of lower surface area microelectrodes were 
used as described by Schuier and Kreuzer (1967) and Kimmich and Kreuzer 
(1969). All electrodes were treated as described previously. 
E VÍ pH curves were obtained in a thermostated cell at 20.0 ± o.2°C filled with 
a quinhydrone solution of io~3 M/l in 0.1 N KCl by adding appropriate 
amounts of acid and alkali. E values of each platinum electrode were determined 
against a saturated calomel electrode by a Hewlett Packard voltmeter with 
digital read-out (HP 3439 A with a 3244 A DC multi function unit). pH was 
estimated simultaneously by a combined glass electrode (Radiometer G 202 С) 
connected to a Radiometer PH 4 pH meter. 
Construction of the microelectrode system 
The cylindrical probe with an external diameter of 3.5 mm and a length of 
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FIGURE 2.1 Construction of the CCh-quinhydrone microelectrode system. 
8.7 mm is shown in figure 2.1. It consists of a central platinum electrode with a 
surface area of about 2.5 mm2 sealed with Araldit into a holder of Polyvinyl­
chloride (Trovidur) and surrounded by a tubular Ag-AgCl reference electrode. 
The tip of the probe is covered by a CO2 permeable membrane (Silastic 25 μ 
or teflon 6 μ) fixed to the reference electrode by a silver ring. 
A quinhydrone solution of i o - 3 M/l in 0.1 N KCl is introduced into the probe 
after screwing off the ring-shaped reference electrode. Since an earlier prototype 
showed loss of the fluid layer between electrode and membrane after use for 
some hours a liquid reservoir has been added. The design of this electrode is simi­
lar to that of the oxygen electrode constructed by Schuier and Kreuzer (1967). 
Temperature control has been achieved by inserting the probe into a flow-
through cuvette according to Kimmich and Kreuzer (1967). By heating the 
calibrating gases, which were sucked through the cuvette at a constant flow 
rate of about 6 ml per sec, this device maintained a constant temperature at 
the electrode tip to within o.i°C for changes of ambient temperature between 
oand 300 С 
Gas mixtures were prepared by mixing pure gases in appropriate proportions 
in a gas mixing pump (Wösthoff type M 300/a). 
RESULTS 
1. Influence of shape and size of the platinum electrode 
E vs pH curves were studied on thirteen platinum electrodes with three main 
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forms (ring, plane, rod) and surface areas ranging from 0.003 t o 2 3 mm2. Only 
those electrode dimensions were considered which might be important for the 
construction of microelectrodes. With each of these electrodes, prepared and 
cleaned in the same way, at least two E vs pH curves were taken. The results 
are shown in table 2.1. There is no dependency on surface area above 0.7 mm2 
τ ABLE 2.1 Influence of surface area and shape of the platinum electrode on the slope of the 
E vs pH curve of qumhydrone at 25o С. 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
π 
12 
13 
Shape 
Ring 
Ring 
Plane 
Plane 
Plane 
Rod 
Rod 
Plane 
Ring 
Rod 
Plane 
Rod 
Rod 
Area mm2 
0.003 
0003 
0.07 
0.07 
0.2 
0.5 
0 7 
3 1 
5-9 
6-7 
7.1 
10.4 
23.3 
Slope 
39-9 
33-0 
54-8 
52.6 
57.0 
55-9 
58.1 
60.4 
58.2 
57.1 
60.0 
60.9 
60.4 
mV/pH 
(10.5*) 
( 6.5*) 
(26.5*) 
(30.3*) 
Standard deviation 
4.0 
4.2 
4-8 
5-4 
2.7 
2.0 
2.2 
1-5 
1.5 
2.1 
1.6 
0.9 
0.8 
* Discontinuity between pH 5 5 and 6.5 with subsequent decrease of slope. 
whereas the slope is decreased and the curve deviates from linearity below this 
limit. No differences are observed between electrodes of different shape (see 
numbers 8-10). The variations in slope for a single electrode are 4 % of the 
mean value or less for numbers 7-13, but increase considerably up to about 
10 % for the lower numbers. When platinizing the electrodes of lower surface 
area, the slope values rise to about 58 mV except for numbers 1 and 2. 
2. Properties of the microelectrode used as a CO2 electrode 
E VÍ pH curves were studied in the membrane-covered electrode by filling it 
with quinhydrone ( io - 3 M/l) and KCl (0.1 N) dissolved in phosphate buffers 
of varying pH (ranging from 5.8 to 7.0). The probe was inserted into the cuvette 
thermostated at 37.o0C, and continuously flushed with CO2 free nitrogen (or 
oxygen). Again a linear relationship was obtained with a —ΔΕ/ΔρΗ value of 
60.5 ± 1 . 6 mV/pH (standard error S.D. of 3 determinations). After some days 
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the slope values tended to decline (to 54.8, 51.7, 52.7 mV/pH) but could be 
restored completely (58.8 ± 1.2 mV/pH, 3 determinations) after platinizing the 
central platinum wire (1 % platinum chloride and 0.02 % lead acetate in 
0.025 N HCl, 200 mA cm - 2 for 2 min). 
E (mV) 
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FIG URE 2.2 E vs log Pco2 lines for CO2 probes 
with blank (o) and platinized ( · ) platinum 
electrodes. 
Calibration was carried out with gases of various CO2 concentrations. Figure 
2.2 shows calibration lines for probes with blank and platinized electrodes, both 
filled with io - 3 M/l quinhydrone in 0.1 N KCl. The AE/Alog Рсог values of 
23.1 (blank) and 24.8 mV mm Hg (platinized) are somewhat lower than in the 
macroelectrode, thus giving sensitivity values (—ApH/Alog Pcoi; Severinghaus 
and Bradley, 1958) of about 0.42. 
The 95 % response time of the probe to a step change in Рсог (between 24.9 
and 88.9 mm Hg), with a blank platinum electrode covered by 6 μ teflon, is 
about 50 sec (on) and 65 sec (off). The stability of this microelectrode system 
is considerably inferior to that of the macroelectrode described in the previous 
chapter. There is a drift of at least 10 mV per hour for blank and of about 4 mV 
for platinized electrodes, usually but not always in acid direction. Drifting was 
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not reduced by stabilizing the fluid layer with a spacer (Joseph paper). The 
Ag-AgCl reference electrode tested against a saturated calomel electrode in 
12.83 g % KCl was found to be constant within 0.1 mV per hour. 
3. Properties of the microelectrode used as an oxygen electrode 
The oxygen polarogram was studied in the CO2 probe as well as in a similar 
probe with a central platinum electrode of lower surface area (0.07 mm2, table 
2.1, no 3), both covered by 6 μ teflon. Polarograms and calibration lines were 
taken from both electrodes filled alternately with ю - 3 M/l quinhydrone in 
0.1 N KCl, 10-3 M/l quinhydrone and 10-3 M/1 KHCO3 in 0.1 N KCl, and 
0.1 N KCl only. In all cases a polarogram with a broad horizontal plateau of 
at least 500 mV and a calibration line passing through the origin and linear 
up to 100 % oxygen were obtained. In figure 2.3 polarogram and calibration 
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FIGURE 2.3 Oxygen polarogram and oxygen calibration line for a probe with a 
cathode surface area of 0.07 mm2. Electrolyte composition is ю - 3 M/l quinhydrone 
in 0.1 N KCl. The probe is covered by 6 μ teflon. 
line are shown for the electrode with the smaller surface area (cathode) filled 
with io~3 M/l quinhydrone in 0.1 N KCl. Half wave potential (Ej) is —410 mV 
and sensitivity (ΔΙ/Δ%02) is 51 nA/%02. Similar values were obtained when 
bicarbonate was added or 0.1 N KCl was used only. Residual current, i.e. 
current in the absence of any oxygen, was always less than ο. ι μΑ. The polaro-
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gram of the probe with the larger cathode area was essentially the same as that 
shown in figure 2.3 but the current output was about 15 times as high. Again 
this polarogram was not affected by addition of quinhydrone with or without 
bicarbonate. Response time for 95 % deflection to a step change in P02 (o to 
100 % O2), at 20.00C, was 0.35 sec (on) and 0.38 sec (off); it was independent of 
the electrolyte composition. 
4. Independency of CO2 and oxygen sensing properties 
The influence of oxygen on the CO2 sensing properties was studied previously 
(see chapter 1). Oxygen in moderate concentrations was shown to have no 
effect upon the E vj pH curve up to a pH value of about 7.5 at 25o С Moreover, 
calibration of the CO2 probe with gas mixtures consisting of CO2 and air in­
stead of nitrogen gave similar E vs log Рсог lines as presented in figure 2.2. 
The influence of CO2 on the oxygen sensing properties was investigated by 
studying the effect of CO2 in various concentrations on the polarogram, the 
calibration line and the response time for oxygen. 
The oxygen polarogram appeared to be unaffected by CO2. Ej values remained 
unchanged within 40 mV for electrolyte solutions consisting of quinhydrone 
or quinhydrone with bicarbonate. Figure 2.4 demonstrates that in both cases 
ΙμΑ) XrJM/l quinhydrone in 0.1 N KCl 
2.5-
2.0 
1.5 
0.5 
1Q~JM/l quinhydrone 
+ισ'Μ/ι KHco,ino.iNi 
0:47 УоОг 
1:45.4 % 0 2 + ^.99%COг 
2:47.0 % 0 2 + 4.86%C02 1, 
3: 46.33 % 02+ 10.33%CO2 3* 
80 100 
OjC/oJ 
F I G U R E 2.4 Oxygen calibration lines in the presence of various CO2 con­
centrations. Electrolyte composition is io~3 M/l quinhydrone in 0.1 N KCl 
and IO"3 M/l quinhydrone with i o " 3 M/1 KHCO3 in 0.1 N KCl, resp. 
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СОг does not interfere with the oxygen calibration line (cathode surface area 
0.07 mm2). 
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FIGURE 2.5 Response time of the COj probe used as an oxygen electrode. 
The electrode covered by 6 μ teflon is exposed to a step change in both oxygen 
(0 % to 43.48 %) and CO2 concentration (o % to 25.58 %). Response time for 
95 % deflection is 0.39 sec (on) and 0.43 sec (off) at 20.0oC. 
As shown in figure 2.5 for the probe with a cathode area of 2.5 mm2, the res­
ponse time for 95 % deflection to a step change of P02 in the presence of CO2 
does not differ greatly from that in the absence of CO2 (see preceding section ; 
oxygen concentrations 0-43.48 %, CO2 concentrations 0-20.58 %; 6 μ teflon, 
ю
- 3
 M/l quinhydrone in 0.1 N KCl, 37.0е С). 
DISCUSSION 
No specific effect of the shape of the metal electrode was observed in agreement 
with data of Livingston, Morgan, Lammert et al. (1931). According to these 
authors, however, the size of the metal electrode definitely affects stability and 
reproducibility. Platinum foils of dimensions larger than 1 cm2 are recommen­
ded, which gave potential differences of less than 10 μΥ when measured against 
one another. If the quinhydrone electrode is to produce an oxidation-reduction 
potential according to its electrode equation it will be clear that neither the 
activity of quinone and hydroquinone nor that of the metal phase can be 
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reduced indefinitely. At very small surface areas the exchange of charge across 
the metal-solution interface is expected to be impaired, leading to deviations 
from ideal electrode behavior. Apart from becoming polarizable the electrode 
will be unable to provide enough current at the proper potential to feed any 
recording instrument. For the same reasons the volume of solvent in contact 
with the metal phase cannot be restricted indefinitely. It appears from table 2. ι 
that this lower limit may be reached in the blank platinum electrode at a surface 
of about ι mm2. The discontinuity in the E vj pH curve observed between 
pH 5.5 and 6.5 might be a consequence of the two principal reaction mecha­
nisms, each operating in a different pH range (below pH 5 and above pH 6) 
as proposed for the quinhydrone electrode process by Vetter (1952). 
The instability of CO2 response observed in the membrane-covered micro-
electrode is at least partially due to the relatively small area of the metal surface 
(stability is improved upon platinizing) but may as well arise from imperfections 
in design. In view of this drift, CO2 sensing properties have not been studied 
thus far in the presence of bicarbonate. Response time for CO2 in the micro-
electrode is somewhat faster than in the macroelectrode, due to the reduced 
layer thickness of the electrolyte solution and the correspondingly lower capa­
city to take up CO 2. 
Concerning its oxygen sensing properties, the probe shows most of the features, 
including high stability and fast response, as met in the oxygen microelectrode 
(Beneken Kolmer and Kreuzer, 1968). The relatively large cathode area of the 
probe (35 times as large as in the oxygen microelectrodes) will increase its 
oxygen consumption and hence its dependency on flow of the medium, thus 
making it suited primarily for application in the gas phase. Any compromise 
in this respect may hardly be achieved without membranes combining high 
permeation rate for CO2 (in order to get a sufficiently fast response) with poor 
permeability to oxygen. 
In section 4 of Results it is shown that CO2 and oxygen sensing properties are 
not affected by the presence of oxygen and CO2 respectively. It remains to be 
evaluated, however, whether this independency is still maintained when CO2 
and oxygen tensions are to be measured in rapid succession. It seems improbable 
that oxygen determination will be impaired by a preceding CO2 estimation but 
application of a negative voltage bias sufficiently high to reduce oxygen may 
at the same time reduce a small amount of quinone, thus interfering with CO2 
determination. 
Polarography of quinhydrone solutions has been studied extensively by Müller 
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(1940). With the dropping mercury electrode the halfwave potential of quinone 
and hydroquinone in unbuffered solutions appeared to be dependent on the 
concentration of both redox components as well as on the pH of the solution. 
These effects were shown to result from pH changes at the electrode interface. 
Similar phenomena were observed when platinum electrodes were used. Besides, 
quinhydrone solutions occasionally appeared to behave irreversibly with respect 
to these electrodes, especially when surface areas were small (Laitinen and 
Kolthoff, 1941; Müller, 1947). 
In oxygen polarograms taken in unbuffered quinhydrone solutions no evidence 
for quinone reduction was observed (Figure 2.3). Preliminary experiments using 
a commercial polarograph (Metrohm) and a rotating platinum electrode failed 
to show any cathodic reduction of quinone in freshly prepared unbuffered 
quinone and quinhydrone solutions ( ю - 3 M/l in 0.1 N KCl). More evidence is 
needed, however, to evaluate the oxidation-reduction state of quinhydrone so­
lutions during oxygen polarography. 
Recently a solid reversible quinone electrode has been prepared by mixing 
quinone with gold or graphite (Alt et al., 1971). Solid quinhydrone electrodes 
prepared in a similar way with platinum or gold may be advantageous in 
oxidation-reduction potentiometry and in oxygen polarography as well. 
SUMMARY 
A membrane-covered CO2 microelectrode system is presented which consists 
of a platinum electrode surrounded by a ring-shaped Ag-AgCl electrode, both 
in contact with an electrolyte layer composed of i o - 3 M/l quinhydrone in 
0.1 N KCl. The resulting oxidation-reduction potential is shown to vary linearly 
with the logarithm of the PCO2 of the medium. Response time for 95 % deflec­
tion to a step change in Рсог of 65 mm Hg is about 1 min, i.e. considerably less 
than in the macroelectrode described previously, but stability is decreased at the 
same time. Since oxygen in concentrations up to about 20 % (air) did not in­
fluence the CO2 response and the presence of both CO2 (10.33 %) and quinhy­
drone ( i o - 3 M/l) did not alter the oxygen polarogram, this electrode may be 
used independently as an oxygen electrode as well. Stability and response time 
for oxygen were similar to those of the Clark electrode. Possibilities and limi­
tations for in vivo estimation of Рсог and P02 are discussed. 
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Chapter 3 
THE C 0 2 CONDUCTIVITY ELECTRODE, A FAST 
RESPONDING C 0 2 MICROELECTRODE 
INTRODUCTION 
In the previous chapters a new method was presented for the estimation of CO2 
partial pressure (Рсог) in gases and liquids. The response time of an electrode 
based on this method as well as of the conventional Stow electrode (Stow, Baer 
and Randall, 1957) is determined by the time necessary to establish CO2 equili­
brium in the electrolyte solution. It mainly depends on the CO2 permeation 
rate of the membrane and the capacity of the electrolyte solution for CO2. With 
a teflon membrane of 6 μ thickness (which is reduced to about 80 % by stretching 
it on the electrode) and an electrolyte layer of 50 μ thickness, a time constant 
t = RC of about 10 seconds is obtained; R refers to the diffusion resistance of 
teflon (6.3 to 12 mm Hg/(mole. second-1) for each mm2 of its membrane surface) 
and С is obtained from the solubility of CO2 in water (3.3 io~ s M/l. mm Hg). 
In evaluating this time constant no allowance has been made for the rather 
slow rate of hydration of CO2, which will prolong it considerably especially at 
low PCO2 values (Рсог < io mm Hg; Lunn and Mapleson, 1963). 
It is possible to construct electrodes with a smaller time constant either by 
reducing the thickness of membrane and electrolyte layer or by using membra­
nes more permeable to CO2. For instance an electrode with a 25 μ silicone 
rubber membrane (Silastic S 2000), reduced to 20 μ after being mounted on the 
electrode tip, and an electrolyte layer of 100 μ, should have a time constant of 
0.5 seconds only. In preliminary experiments, using commercially available 
micro-glass electrodes (Philips) or glass electrodes of own design as pH indica­
tor, such CO2 electrodes appeared to be unstable and showed a very short 
lifetime. 
In the present chapter a CO2 microelectrode system is presented in which the 
principle of establishing a CO2 equilibrium between electrolyte layer and 
medium is abandoned. The time saved in this way reduces the time constant of 
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the system to about 3 seconds, thus providing a response time of 10 seconds for 
90 % deflection. 
PRINCIPLE 
The permeation rate of CO2 through a membrane depends, apart from mem­
brane properties and temperature, on the pressure difference across the mem­
brane. If the Pco2 at the electrode side of the membrane is kept constant and 
very low (i.e. Pcoz = 0) the permeation rate will depend on the Рсог of the 
medium only. Inasmuch as loss of CO2 from the medium due to membrane 
diffusion has no effect upon its Pcoz, determination of the CO2 permeation rate 
through the membrane will be indicative for the Рсог of the medium. 
In practice this may be achieved by exposing a membrane-covered electrode, 
which is continuously flushed with a CCb-free carrier gas or liquid at a constant 
rate, to a medium of unknown Pcoz. After having passed the membrane COj is 
taken up by the carrier and transferred to a fast responding CO2 analyzer for 
continuous estimation of the CO2 concentration in the carrier gas or liquid. The 
permeation rate thus obtained may be related to the Рсог of the medium by 
calibrating the electrode system with gases of known Рсог. 
When using a gas phase as a carrier, CO2 concentration may be determined by 
mass spectrometry, thermal conductivity or infrared analysis. A major disad­
vantage however is that membranes permeable to CO2 transmit most other 
gases as well. The medium will thus be contaminated by the carrier gas which 
is particularly troublesome when Рсог is estimated in vivo. Both teflon and 
silicone rubber are about 3000 times less permeable to water vapor than to CO2. 
The permeation rate of silicone rubber for water vapor is still considerable but 
this is less inconvenient since most biological media are saturated with water 
vapor. Therefore a liquid phase (water) has been chosen as a carrier. 
Electrolyte conductivity has proven to be a fast, sensitive and accurate method 
for determination of CO2 content in liquids. It has been demonstrated that in 
a 10 ml sample 0.13 цтоіе of CO2 could be estimated with a standard deviation 
of 0.005 цтоіе (van Bruggen and Scott, 1961). Measurements of still higher 
accuracy have been reported by Maffly (1968). Conductometry has hardly been 
applied to the estimation of Рсог in biological systems. So far devices have been 
reported for determination of Рсог in gases and liquids (Murakami et al., 1965) 
and in blood (Tsao and Vadnay, 1964). The microelectrode system presented 
here is a first attempt to apply conductometry to continuous monitoring of 
Рсог in vivo. 
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METHODS AND MATERIALS 
Construction of a COi electrode prototype 
Basic design 
A stainless steel tip is attached to one end of an X ray double-lumen polyethy­
lene catheter (no 2024p, American Cystoscope Makers Inc., New York) of 60 
cm length and with an outer diameter of 2.7 mm and a lumen diameter of 
0.8 mm. A CO2 permeable membrane (Silastic S 2000 25 μ) is mounted on this 
tip by a device specially designed for this purpose and fixed by a stainless steel 
ring. 
At the other end of the catheter each lumen is separately connected to a conduc­
tivity cell. The whole electrode system is flushed continuously with bidistilled 
water at a constant flow rate. Electrolyte conductivity of the water is measured 
before entering the catheter and after having passed the membrane. The diffe­
rence in conductivity between inflowing and outflowing water is related to the 
PCO2 of the medium to which the electrode is exposed. 
Electrode tip 
The tip used in the CO2 electrode prototype is shown in figure 3.1. The sensiti­
vity of the electrode system (dic/d Рсог), which is the change in specific conduc­
tivity (к) of the carrier by a change in Рсог of the medium, is determined, among 
other factors, by the efficiency of CO2 transfer from medium to carrier. It 
depends on membrane surface area, contact time of the carrier with the mem-
Ö3 mm ι ι 3 5 mm 
FIGURE 3.1 Stainless steel electrode tip covered by a CO2 permeable membrane provided 
with a conductivity cell (cell Г) and mounted on a flexible catheter. 
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brane, and carrier volume per unit membrane surface area (carrier layer thick­
ness). In this electrode prototype a membrane surface area of 3.5 mm2 and a 
layer thickness of 250 μ were chosen. Resistance to flow was approximately 
constant along the catheter and bulging of the membrane was avoided. Carrier 
flow rate was chosen within a range of 1 to 7 ml/min, thus giving contact times 
between 0.05 and 0.007 second. This limits at the same time the frequency of 
PCO2 changes in the medium which the electrode system is able to follow. 
Conductivity cell 
The choice of the cell constant depends on the specific conductivity to be 
measured. Since at a specific conductivity of the order of цоЬт - 1 cm - 1 varia-
FiouRE 3.2 Series of conductivity cells used in developing the CO2 electrode system. 
a two 18 gauge stainless steel hypodermic needles (with luer-lok connection) filed off to half 
the diameter and inserted into a lucite block at a distance of 0.2 mm. 
b two gold foils with a surface area of 400 mm2 each, at a distance of 0.2 mm. 
с two rhodinized brass foils of 14 mm2 surface area each, at a distance of 0.1 mm. 
d one platinum wire (diameter 1 mm) and ring (inner diameter 2 mm, length 5 mm) sealed 
into a glass tube. 
e three platinum rings (inner diameter 2 mm, length s mm) sealed into a glass tube at a 
distance of 2 mm. 
f two platinum wires (0.2 χ 0.05 mm) coated by Araldit and wound at a distance of 0.2 mm 
to a coil of 0.6 mm inner diameter and a length of 8 mm. 
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tions of a few percent have to be determined, a conductivity cell with a low 
cell constant is required. 
The cell volume should be close to that of the carrier in contact with the mem­
brane in order to maintain the upper limit of the frequency at which Pcoz 
fluctuations of the medium can be followed by the electrode. In figure 3.2 a 
series of cells are shown which have been used in developing the CO2 electrode 
system. Most experiments reported here were carried out with cell d which is, 
due to its geometry, more suited than cells b and с to serve as a flow-through 
cell. 
The construction of cell f deserves special attention since it has been designed 
in such a way as to fit the lumen of the catheter tip. The main advantage of this 
location is the reduction of response time and the convenience of temperature 
control. Platinum wires of 0.1 mm diameter were stretched to 0.05 χ 0.2 mm 
and insulated by coating with Araldit. Two wires were wound at a distance of 
0.2 mm to a coil of 0.6 mm inner diameter and a length of 8 mm. The coil was 
coated externally with Araldit. The interior of the coil was stripped of insulating 
material. Leads of 0.1 mm diameter were soldered to each wire. The cell thus 
obtained was inserted into the electrode tip with the leads passing through the 
catheter lumen. 
Cell constants were determined either by using KCl standard solutions (Jones 
and Bradshaw, 1933) or by applying cells of known cell constant. In order to 
avoid adsorption of material and formation of large boundary layers at the 
cell surface, cells were kept free of platinum black deposits. This also protects 
them from short-circuiting. After use the cells were filled with Hibitane 0.2 % 
to prevent microbial contamination. 
Alternating current conductometry 
In most experiments electrolyte conductivity was determined with a commer­
cially available direct reading conductivity meter (Radiometer CDM 2, fre­
quency 70 Hz, test voltage 0.25 V) connected to a two channel recorder (Rika-
denki). Conductivity meter and recorder were calibrated by precision resistance 
boxes. In this way it was possible to estimate variations in specific conductivity 
of up to 0.02 ц о Ь т - 1 cm - 1 . Specific conductivity was measured with the same 
cell before and after exposing the electrode to CO2. 
A further improvement was achieved by applying a conductivity bridge which 
includes both measuring and reference cell. This makes it possible to detect 
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directly variations in impedance due to CO2 and reduces difficulties of elimina­
ting Α-C interference (capacitance effects). 
Temperature control 
The majority of aqueous electrolyte solutions have a temperature coefficient, 
with respect to their conductivity, of about 2 percent per degree at 25е С. When 
absolute conductivity values are to be obtained accurate temperature control 
is required. Estimation of relative values, i.e. of variations in conductivity as 
occurring in the CO2 electrode, is expected to be less influenced by temperature 
changes and only as far as processes affecting these variations are concerned 
(diffusion and chemical reaction of CO2). 
The electrode was protected from fluctuations in ambient temperature by co­
vering the catheter with Tygon tubing. The temperature difference along the 
catheter was measured by thermocouples built into the electrode tip and the 
conductivity cells and was checked to be constant to within 0.2° С The tempe­
rature of inflowing and outflowing water was measured to 0.1° С with an Elec­
tric Universal Thermometer (type ТЕ з, Ellab). 
Regulation of flow rate 
The double lumen catheter provided with a silicone rubber membrane (Silastic 
S 2000 25 μ) was flushed with bidistilled water at a constant hydrostatic pressure 
difference. Flow rate was measured with a Rotameter and kept constant to 
within 0.2 ml/min. A needle valve was used in adjusting the flow rate to its 
required value. 
Gas mixtures 
CCh-nitrogen gas mixtures were prepared from pure gases by mixing approp­
riate amounts in a gas mixing pump (Wösthoff type M 300/a). 
RESULTS 
1. Electrolyte conductivity of water in equilibrium with COz at 25.0o С 
5 ml of bidistilled water were introduced into an all-glass double-walled tono­
meter thermostated at 25.0 ± 0.2е С and equilibrated with gas mixtures of 
various CO2 concentrations (0-10 %). Equilibration was performed by shaking 
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the tonometer on a linear shaker and flushing it continuously with a gas phase 
containing CO2. After equilibrium was established electrolyte conductivity of 
the water was determined with a conductivity cell mounted in the wall of the 
tonometer. The cell constant was 0.18 ± 0.01 cm - 1 . 
Figure 3.3 shows a plot (a) of the specific conductivity к (ohm^'cm - 1) of water 
in equilibrium with CO2 against partial CO2 pressure. The calculated curve (b) 
was obtained from equation (4) (see discussion) using values for the equivalent 
ionic conductivity at infinite dilution (λ, ohm-'cm2 equivalent-1) as given in 
table 3.1. In the lower range of Рсог (Рсог < io mm Hg) experimental and 
calculated curves agree reasonably well whereas at higher Рсог values a discre-
20 40 60 60 Ю0 
PcOj (mmHg-J 
FIGURE 3.3 Specific conductivity 
(цоЬггг'сггг1) of bidistilled water in equi­
librium with CO2 at varying partial CO2 
pressure. Temperature is 25.0° C. 
a plot of experimental values. 
b calculated curve obtained from equa­
tion (4). 
З6 
TABLE 3.1 Relevant data related to CO2 water equilibrium at 25.o°C. 
K,' 
K j 
kcoj 
кнсо" 
λ
0
Η
+ 
λ
0
ΟΗ-
А.
0
нсоэ 
Х
0
соз 
Value 
І О
- 6 . 3 3 2 
1er10·"» 
0.0375 sec~l 
5.5 IO4 M' 1 sec-1 
349.8 ohm^ern1 equiv.-1 
198.3 
44-5 
69.З 
Reference 
Hamed and Davis, 1943 
Hamed and Scholes, 1941 
(кзі') Gibbons and Edsall, 1963 
(км) Gibbons and Edsall, 1963 
Robinson and Stokes, 1959 
Robinson and Stokes, 1959 
Robinson and Stokes, 1959 
Robinson and Stokes, 1959 
pancy is observed which grows at increasing Pcoa. This discrepancy is largely 
due to the assumptions made in deriving equation (4). 
2. Properties of the COi conductivity electrode 
a. Estimation of Рсог in the gas phase 
Figure 3.4 presents the relation between specific conductivity κ and Рсог at 
η (μ ohm" cm" 
ΙΛΟ 
2 0 0 
190 
180 
20 40 
ι 
60 
055 ml/mm 
75 ml/mm 
35 ml /mm 
— 1 — 
80 
— r 
100 
p c o 2 ( m m H ^ 
FIGURE 3.4 Specific conductivity κ of the carrier at three 
different flow rates (0.55, 1.75 and 3.35 ml/min) after ex­
posure of the electrode to a gas phase of varying COj par­
tial pressure. Temperature is 18.0o С 
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three different flow rates (0.55, 1.75, 3.35 ml/min) and at a temperature of 
18.0o С (i.e. the temperature of the water leaving the catheter). This relationship 
appears to be linear within the Рсог range studied. The sensitivity of the elec­
trode is defined by the slope Ак/АРсог of these lines. An increase of flow rate 
lowers the specific conductivity at constant Рсог as well as the sensitivity. The 
reduction of к at Рсог = о is due to the decreasing conductivity of the carrier 
at higher flow rates. It probably originates from boundary effects on the surface 
of the conductivity cell. The sensitivity for CO2 is diminished at higher flow 
rates because both contact time of the carrier with CO2 at the membrane and 
time available for hydration of CO2 are shortened. 
't 6 в 
flow rate (ml /mm) 
FIGURE 3.5a, b Sensitivity (а) (Дк/ДРсог) and response time (b) for 90 % deflection of the 
electrode system at various flow rates of the carrier. The electrode is exposed to a gas phase 
of 10 % CO2 in nitrogen. Cell d is located at a distance of 60 cm from the membrane. 
Sensitivity and response time for 90 % deflection are given in figure 3.5a and b 
at various flow rates of up to about 6 ml/min (cell d at 60 cm from the mem­
brane). High sensitivity and fast response oppose each other. At high flow rates 
( > 5 ml/min) the response time for 90 % deflection is about 10 seconds whereas 
the sensitivity is rather low (1 ц о Ь т - ' с т - 1 mm Hg - 1 ). 
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FIGURE 3.6 Time course of the CO2 electrode 
a provided with cell d at a distance of 45 cm from the membrane. Carrier flow rates are 
5.50 and 2.65 ml/min. 
The electrode is exposed to a step change of Pco2 between о and 10 % CO2. 
b provided with cell f at a distance of within 10 mm from the membrane. Carrier flow rate 
is 0.70 ml/min. 
The electrode is exposed to a step change of Pcoi between о and 4.95 % COj. 
( ) actual time course of the electrode 
( ) time course calculated from the model presented in the discussion. 
Figure 3.6a and b shows the time course of the CO2 electrode upon a step change 
in Pcoz (0-10 %) at two different flow rates (2.65 and 5.50 ml/min). The elec­
trode is provided with cell d at a distance of 45 cm from the membrane. 
In figure 3.6b the time course of the electrode is shown when provided with 
cell f at a distance of within 10 mm from the membrane. Carrier flow rate is 
0.70 ml/min. Dotted lines indicate the calculated time course based on the model 
given in the discussion. Actual and calculated response times for 90 % deflection 
rise with decreasing flow rate and increasing distance from the membrane. 
b. Estimation of Рсог in the liquid phase 
Water was equilibrated in a tonometer thermostated at 18.0 ± o.20C with gas 
mixtures of various CO2 concentrations (0-50 % CO2). The Рсог electrode was 
mounted in the wall of the tonometer. By rotating the tonometer it was possible 
to measure alternately Рсог in gas and liquid phase. 
The sensitivity of the electrode in the liquid phase was of the same order of 
magnitude as in the gas phase but appeared to be dependent on the frequency 
of displacement exerted by the shaker. For instance at a frequency of 45 trans-
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lations per minute a linear relation between Рсог and specific conductivity was 
obtained with a slope of 2.io~3 ц о К т ^ ' с т - 1 mm Hg - 1 , i.e. about the same as 
in the gas phase (carrier flow 2.20 ml/min). At lower frequencies sensitivity 
decreased considerably (to 50 % at a frequency of o). This reduction in sensi­
tivity may largely result from the existence of ССЬ-роог boundary layers near 
the membrane of the electrode. The extent of these boundary layers is influenced 
by the motion of the bulk fluid in the neighborhood of the electrode tip. 
DISCUSSION 
1. The CO2 water system in equilibrium 
The specific conductivity of an electrolyte solution at constant temperature is 
determined by the concentration and the mobility of the electrolytes present 
according to 
ι η 
κ = Σ CiXi (1) 
1000 i = i 
where G is the concentration of the i t h ion in equivalents per liter, λι its equiva­
lent conductivity in ohm - 'cm 2 per equivalent and η the number of ionic species 
present in solution. If equivalent conductivity is taken to be independent of 
concentration which is permitted only at infinite dilution equation (1) becomes 
ι η 
κ = Σ С Д
0
І (2) 
1000 І = І 
where λ0ι is the equivalent conductivity of the i t h ion at infinite dilution. The 
specific conductivity of water in equilibrium with CO2 is then given by 
IO3 К = С н + λ°Η+ + Сон" λ0ΟΗ_ + СнСОз λΟΗ003 + СсОз λΟ0θ3 (з) 
2Κ 
Since under circumstances as met in figure 3.3 Х0нсоз^> λ°οθ3 
Сн
+ 
(Кг refers to the second dissociation constant of carbonic acid), the contribu­
tion of carbonate ions to the specific conductivity of the solution may be neglec-
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ted. When applying the equilibrium conditions for water and carbonic acid 
equation (3) becomes 
IO3K = (ΚΊ [C02] + K W ) ± X 0 H + + Kw (ΚΊ [CO2] + Kw)-iX0oH- + 
K', [CO2] (K', [CO2] + Κ„)-*λοΗ0ο; (4) 
Κ Ί is the apparent first dissociation constant of carbonic acid and Kw the 
ionization constant of water. Substitution of appropriate values from table 3.1 
gives the calculated curve of figure 3.3. 
At low Pco2 values, i.e. in the range where the CO2 electrode is operating, 
agreement is good, at high Рсог values (Рсог > 10 mm Hg) a discrepancy is 
observed between experimental and calculated values. This may largely be due 
to assuming the equivalent conductivity to be independent from concentration. 
2. The COz electrode, some theoretical considerations 
In the CO2 electrode as described here a number of processes are involved which 
proceed simultaneously or in rapid succession. Diffusion is involved in the 
transition of CO2 from medium to carrier (membrane diffusion) and during 
transport to the conductivity cell. CO2 and its ions are transferred to the con­
ductivity cell by convection, a hydrodynamic process which is characterized by 
nature of flow, velocity profile, local turbulence, boundary layers, etc. Dissolved 
CO2 will take part in a chemical reaction in which it combines with the carrier 
and dissociates partially into ions. This hydration reaction proceeds relatively 
slowly compared with most ionic reactions. Each of these processes will have 
its own impact on design and properties of the electrode system and will there­
fore be considered in some detail. 
a. Membrane diffusion 
The volume of CO2 which traverses the membrane in a certain time is readily 
obtained from the Рсог difference across the membrane and the dimensions 
and CO2 permeability characteristics of the membrane material used (Silastic 
S 2000:0.33.1ο-6 ml C02.cm.sec"1.cm~2.cm Hg - 1 ). If the electrode is exposed 
to a gas phase with а Рсог of 0.5 mm Hg for 0.01 sec, about 23.1ο- 1 0 ml CO2 
will permeate the membrane. At a carrier flow rate of 5 ml/min this will give 
a CO2 concentration in the water of about i o - 7 M/l. Conditions as given here 
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refer to requirements which are to be satisfied by an electrode system almost 
optimally suited for in vivo Рсог monitoring. 
So far the existence of a hydrodynamic boundary layer arising from adherence 
of a streaming fluid to the membrane surface has been neglected. This boundary 
layer of finite thickness dependent on the flow rate of the fluid may add to the 
diffusion resistance of the membrane. Since diffusion resistances of silicone 
rubber and water are of the same order of magnitude, a boundary layer will 
exist at the membrane-carrier interface which will lower the CO2 concentration 
in the bulk of the carrier. A further reduction of CO2 transfer from medium to 
carrier will arise when Рсог is measured in a liquid medium (water, plasma). 
As was observed in section 2b of Results the thickness of the boundary layer 
at the medium-membrane interface and thus the permeation rate of CO2 from 
medium to carrier depend on the velocity of fluid along the membrane. When 
Рсог is estimated in the gas phase diffusion resistance of the medium may be 
neglected with respect to that of the membrane. 
b. Convection 
The mean velocity Ç\) of the carrier water, i.e. the volume flow divided by the 
cross sectional surface area, is 200 mm/sec or less. With a tube diameter of 
0.8 mm Reynolds' number will always be lower than 200. The flow pattern in 
the catheter is therefore expected to be laminar except for local disturbances 
at the electrode tip and the conductivity cell. 
A model for the convection of CO2 by laminar flow is shown in figure 3.7a, b. 
In a circular pipe of radius R the velocity ν at a distance r from the axis is 
given by 
v
r
 = V o ( i - r 2 / R 2 ) (5) 
where Vo is the maximum velocity (Figure 3.7a). If at t = 0 a certain amount 
of CO2 is introduced instantaneously and distributed homogeneously over the 
cross-section at χ = 0, it will after ti seconds be dispersed according to 
X = V 0 t 1 - ( l - ^ (6) 
If addition of CO2 is continued at a constant rate for Τ seconds CO2 concen­
tration within this paraboloid will be constant and equal to [CChJo, the CO2 
42 
a 
b 
с 
tl <t < T 
t > T + t - | 
Ir.j— 
x'=0 
_ _ Z ^ |R 
x^Vrt 'x.V 0 t 
-t 
1 
*
l
 ! . ι 
В^ШЙ 
x . O 
1 
1 
x.O 
1 x = V 0 t 
Τ 
ι π 
ι . 
*• ! . ι 
ι 
^ 
X ^ V g t 
FIGURE 3.7-a, b, с Model for the dispersion of COi by laminar flow in a 
circular pipe (radius R). Details are given in the next. 
concentration in cross-section χ = о at t = o. The mean CO2 concentration 
in cross-section χ where 0 < χ < Voti is given by 
(гх/R)2 [C0 2]o so 
[C0 2 ]x = [C02]o 1 
(7) 
Voti 
If as shown in figure 3.7b, [CChk is considered in a cross-section at a fixed 
distance χ = 1 for a time interval 1/vo < t < Τ then 
[COJi = [C02]o 
where ti = l/v0. 
(8) 
Let 1 be the distance between membrane and conductivity cell (length of cathe­
ter) and ti the minimum time delay at which C0 2 is carried from membrane to 
conductivity cell ; the response time for 90 % deflection (tso %) may then be defined 
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as the time after ti required to give [СОгЬ = 0.90 [COzlo- From (8) it 
follows that Uo% = 9 ti. 
At t > Τ + ti (figure 3.7c) mean concentration of CO2 at 1 is given by 
[C02]i = [C0 2 ] 0 — ^ — (9) 
t ( t - T ) 
The time course of the electrode system upon a step change in Pcoz may be 
derived from the model equations (8) and (9) by plotting [СОгІДССЫо against 
t, where t ^> 1/vo for on responses and t ^> Τ + 1/vo for off responses. From 
figure 3.6a, b it appears that the change of [CCbl/fCOzJo with time proceeds 
faster in the model curve than in the electrode system. 
This difference may result from the single or combined effect of the following 
phenomena. The main cause of the discrepancy probably arises from the dis­
turbing influence of the geometry of the conductivity cell on the flow pattern 
along the catheter. Since dimensions and shape of cell d are different from those 
of the catheter lumen the CO2 profile will be blurred. This effect will almost be 
absent when cell f is used. 
From conditions given by Taylor (1953) it follows that in the electrode system 
CO2 is dispersed, apart from convection, by molecular diffusion as well. Longi­
tudinal diffusion may be shown to distort the CO2 paraboloid only negligibly, 
radial diffusion, however, which proceeds proportionally to (Derr. t)* (where 
Deft = R2Vo2/192 Dco2 and Dco2 is the diffusion constant of CO2 in water), 
will alter the CO2 profile and thus the response time significantly. 
The model deviates from the actual electrode process in another respect. During 
convection along the catheter CO2 is reacting chemically with the carrier and 
the ions produced in this reaction are detected rather than CO2. Since, as will 
be shown, the time constant of this reaction is of the same order of magnitude 
as ti the concentration of the reaction products within the paraboloid will be 
time dependent rather than constant as assumed in the model. Hence hydration 
of CO2 will affect the time course of the CO2 electrode too. 
с Kinetics of CO2 hydration 
As suggested by Eigen, Kustin and Maass (1961), hydration of CO2 and ioniza­
tion of carbonic acid satisfy the following reaction scheme 
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H+ + HCO; Ь 2 Н2СО3 
кзі кг 
CO2 + H2O 
This reaction mechanism turns into the classical scheme for кіз = кзі = 0. 
Since all values of velocity constants so far obtained are in terms of кгз and 
кзг only and full evidence for the Eigen scheme is not available at present, 
COz-water equilibrium will be treated classically according to: 
CO2 + H2O ^ H2CO3 
ki 
(") 
H2CO3 ^ H+ + н с о ; 
к« 
(12) 
Combining rate equations (11) and (12) for H2CO3 and substituting [H2CO3] 
thus obtained into the rate equation for HCO3 gives 
! Щ _ J ^ [со,] [Η,ο, - (к, + (¿L·.))
 m [нсоз os 
dt кг — кз \ к г — к з ' / 
Equation (13) demonstrates that reactions (11) and (12) may be combined to 
(14) 
кз k4 
kco2 
CO2 + H2O F=i H+ + HCO3 
кнсо; 
where ксог = 
J 3 
^ к з [НгО] and кнсоз = k4 + 
кг — к з " " ' кг — к з 
The relevant equations to be considered in the CO2 electrode process are 
d [HCO;] 
dt 
ксог [CO2] - кнсоі [H+] [HCO¡] (15) 
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and Η+ + ΟΗ-^Η2θ K
w
 (ι6) 
Let at t = o, [CO2I0 = a, [HCO¡]o = о and [H+]o = [OH-]o = V^w and at 
t > o, [HCO¡] = χ. 
Suppose reaction (16) is always at equilibrium with respect to (15). If at a 
certain time t after contact with CO2 у hydrogen ions have combined with 
hydroxyl ions then 
[H+]t = [H+]o + χ — у and [OH-]t = [OH-]o - у 
Applying (16) gives 
[H+]t = i x + iVx 2 + 4Kw (17) 
Substitution of (17) into (15) gives 
dx 
— = kco2 (a — x) — i кксоі x2 — i кнсоз xVx2 + 4 Kw (18) 
dt 
If \/x2 + 4 K
w
 is approximated by χ + 2 K
w
/x, equation (18) may be solved 
for 
A(l-e-yt) 
x =
 ι—^—г to) 
1 + С e-y1 
where γ = (k2co2 + 4 kco2 кнсо^ a — 4 кнсоі K
w
)* 
γ — kco2 
A = 
C = 
2 кнсоз 
γ — k c o 2 
γ + kco2 
Taking a = i o - 7 M/1 CO2 and for kcoa and кнсоз the appropriate values at 
25°C from table 3.1, [HCO3] at equilibrium (A) becomes 0.65 ю - 7 M/I. The 
time required to attain a fraction f of the equilibrium concentration is given by 
1 (l + f) + k 5 ( l - f ) 
tr = - In (20) 
γ (Y + k , ) ( I - f ) 
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Ц is about 17 seconds and 19/10 is 52 seconds in this situation. 
It will be clear that both flow rate and distance 1 between membrane and cell 
determine the sensitivity of the electrode system. At constant flow rate sensiti­
vity increases with 1 until equilibrium is reached. At constant 1 and varying flow 
rate sensitivity is determined by the initial CO2 concentration, [CChjo, in the 
carrier which is inversely proportional to the flow rate, and by tf of the hydra­
tion reaction which depends on [ССЬЬ and hence on flow rate as well. This will 
be illustrated in relation to data obtained under conditions similar to those of 
figure 3.5a, b. 
Initial CO2 concentration, [COalo, equilibrium HCO3 concentration, [HCO^eq, 
and actual HCO¡ concentration at 1, [НСОз]і, were calculated at each flow 
rate using the rate constants of table 3.1. 
In figure 3.8 the ratios [HCOjMHCOäbq and [НСОз]і/([С02]о — [HCO¡]i) 
as well as Ц are plotted against the flow rate. At a given distance 1 there appears 
[ H C O j V f H C O } ] ^ , hmeíaec) 
[HCOjyitCOjlölkrOj], ) «(¿»ohm'cm') 
10 
Oö-
0 6 -
0.M-
0 2 -
2 4 6 β Ю 
carrier flow rate (m I /mm) 
FIGURE 3.8 Relation between the specific conductivity к 
and the carrier now rate when the conductivity cell is located 
at a fixed distance 1 from the membrane (1 = 60 cm). Values 
for the ratios [НСО;]і/[НСОз],.„ and [НСО^ШСОгЪ — 
[HCO¡]0 and for the half-time constant of the CO2 hydra-
tion (ti) calculated from equations (19) and (20) are included. 
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[нсозуЦсо^нсо;],) 
1 1 1 I 
to be a flow rate where the turnover of CO2 into HCO3 is maximal. At lower 
flow rates CO2 equilibrium is already established in the carrier when 1 is reached 
and any increase of [CO2Ì0 will result in a relatively small increase of [НСОз]і, 
thus reducing [НСОз]і/[С02]о. The rise of tr at higher flow rates will accor­
dingly lower this ratio too. If [CChJo is of the order of ю - 1 0 M/l equation (19) 
turns into χ = a (1 — е_ ксо 2 1) and tf becomes independent of a. 
In the preceding section it was shown that, when a fast response is required, 
the conductivity cell should be located close to the membrane. If at the same 
time high sensitivity and low CO2 consumption are needed (in order to reduce 
dependency on the flow of the medium), figure 3.8 shows that carrier flow rate 
may optimally be chosen in the range where turnover of CO2 into bicarbonate 
is high. 
3. The COi electrode, possibilities, limitations and prospects 
The main requirements to be satisfied by a sensor suited for continuous moni­
toring of Pco2 in vivo in the field of respiratory physiology are, apart from 
dimensional aspects, high accuracy and fast response. The high accuracy (error 
0.5 mm Hg or less) is required in view of the relatively small difference in Рсог 
between arterial and venous blood compared with that of oxygen and the fast 
response is needed in order to follow Рсог fluctuations at frequencies of about 
10 sec - 1 resulting from respiratory and circulatory effects. 
The prototype presented here, although being far remote from this goal, seems 
to offer better possibilities in comparison with conventional techniques. With 
cells located at a fixed distance of 60 cm the fastest response obtained allowed 
to follow Рсог fluctuations of less than 0.05 sec- 1. When cells were placed 
within the electrode tip faster responses were achieved corresponding to fre­
quencies between 0.1 and 0.2 sec - 1. Concerning the error involved, the electro­
de, although not meeting the requirements mentioned above, may show an 
error of well below 2 mm Hg Рсог, at least at low flow rates. A rather serious 
limitation of the electrode is its CO2 consumption when Рсог is estimated in 
the liquid phase, which makes it highly dependent on the flow of the medium. 
This may be solved by using membranes with smaller surface area and/or lower 
permeability to CO2. The reduction of sensitivity should be improved by other 
means. 
Replacement of bidistilled by highly purified water (conductivity water) will 
increase carrier resistance and thus Δκ/κ. At lower conductivities, however, 
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balancing of the bridge becomes more difficult; this may partially be avoided 
by using cells of smaller cell constant. Problems encountered in alternating 
current conductometry, particularly concerning the design of conductivity cells 
and the elimination of capacitance eifects, were reviewed extensively elsewhere 
(Robinson and Stokes, chapter 5 and references, 1959; Jones and Christian, 
1935) and will not be discussed here. Further miniaturization of the electrode 
system is expected to increase sensitivity and reduce CO2 consumption at the 
same time. 
SUMMARY 
A fast responding CO2 microelectrode system is presented which consists of a 
double-lumen polyethylene catheter provided with a stainless steel catheter tip 
which is covered by a CO2 permeable membrane, and connected with each 
lumen separately to a conductivity cell. The catheter is flushed with bidistilled 
water at a constant flow rate and conductivity of inflowing and outflowing water 
is measured. The change of conductivity in the water leaving the catheter after 
exposure of the electrode to a medium containing C 0 2 is related to the Рсог 
of the medium. High sensitivity and fast response, both depending on flow rate 
of the carrier water, are shown to oppose each other. When cells are placed at 
a distance of 45 cm from the membrane response time for 90 % deflection is 
about 10 sec (at flow rates of 5 ml/min), but when located inside the electrode 
tip at a distance of within 10 mm from the membrane response time is reduced 
to about 4 sec. Hydrodynamical aspects concerning dispersion of CO2 in the 
carrier water and reaction kinetics of CO2 hydration are discussed. 
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Chapter 4 
T H E C A R B A M A T E E Q U I L I B R I U M O F BOVINE 
H E M O G L O B I N AT 370C 
INTRODUCTION 
Hemoglobin-bound CO2 (carbamate hemoglobin, carbamino-hemoglobin) con­
tributes significantly to the carbon dioxide transport by mammalian blood 
(Rough ton, 1964). 
Recently Rossi-Bernardi, Pace, Roughton and van Kempen (1969) introduced 
a new method to quantitatively estimate the formation of carbamate compounds 
in hemoglobin solutions equilibrated with CO2. By this method it seemed 
possible to eliminate most of the corrections inherent to Faurholt's barium 
precipitation technique as applied to hemoglobin solutions by Ferguson and 
Roughton (1934) and Ferguson (1936). 
In the present chapter the possibilities and limitations of this new procedure 
were studied particularly also with respect to its denaturating effect on hemo­
globin after contact with alkali, and the method was then applied to the carba­
mate equilibrium of bovine hemoglobin at 37o С 
METHOD AND MATERIALS 
Principle 
Carbamino-hemoglobin is not easily distinguished from hemoglobin without 
any bound CO2 by conventional techniques. A necessary step is to separate 
the carbamate compound from other forms of CO2 present in solution (dis­
solved CO2, bicarbonate). The amount of carbamate may then be estimated by 
combination of standard gas analysis of CO2 (van Slyke) with determination 
of hemoglobin concentration (hemiglobin cyanide). 
Under physiological conditions of pH and Рсог hemoglobin-bound CO2 is in 
rapid and highly reversible equilibrium with other constituents in solution. Any 
alteration of these equilibrium conditions as expected to occur during the se­
paration procedure will inevitably change the original carbamate concentration. 
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Before starting separation, carbamate equilibrium is therefore stabilized by 
mixing the hemoglobin solution with strong alkali in a Hartridge-Roughton 
mixing chamber. Separation is then achieved by gel permeation and ion ex­
change chromatography. 
Preparation of hemoglobin solution 
Carbamate equilibrium was studied on bovine hemoglobin because of its high 
alkaline resistance compared with hemoglobin of other species (Haurowitz, 
Hardin, and Dicks, 1954). This makes it more suited for the experimental con­
ditions met during carbamate determination. 
Hemoglobin solutions were prepared by the method of Adair and Adair (1934) 
at 40 С from freshly drawn heparinized bovine blood. Erythrocytes were cen-
trifuged (4000 r.p.m.), washed three times with isotonic saline, and hemolyzed 
by slow addition of ether (10 % v/v) and solid NaCl (10 % w/v). After centri-
fugation (3000 r.p.m. for 20 min) the upper layer containing the cell stremata 
was removed. The remaining part of the solution was dialyzed during 48 hours 
against a ο. ι M KCl solution which was changed every 12 hours. Any precipita­
ted material which might appear during dialyzation was removed by centrifuga-
tion (15000 r.p.m. during 30 min). The hemoglobin solution so obtained (con­
centration 10-12 mM (Fe)/1) was deoxygenated with nitrogen, stored at 4 0 C 
in all-glass double-walled reservoirs under a positive nitrogen pressure of 50 cm 
Hg, and used within three weeks after preparation. The methemoglobin con­
centration determined according to Kaplan (1965) never exceeded 2-3 % of the 
total hemoglobin concentration. 
Preparation of 'double-blocked'1 bovine hemoglobin 
Bovine hemoglobin specifically modified at the terminal amino groups of both 
α and β chains ('double-blocked' derivative) was prepared by carbamylating 
these amino groups with cyanate under conditions slightly different from those 
used for horse hemoglobin (Kilmartin and Rossi-Bernardi, 1969,1970). Details 
will be given in chapter 5. 
Equilibration of hemoglobin solution 
All experiments were carried out at constant hemoglobin concentration and 
constant ionic strength (0.18). Therefore 24 ml of the hemoglobin stock solution 
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were diluted to 30 ml by adding appropriate volumes of KOH, HCl and KCl 
solutions, all of 0.1 N strength, in varying proportions according to the pH 
value required. Equilibration was performed at constant temperature in a spe­
cially designed rotating tonometer thermostated at 37.0 ± 0.2°С and flushed 
continuously with a gas phase at the same temperature. In this way equilibra­
tion was reached within 10 minutes. 
COa-nitrogen and CCb-oxygen gas mixtures were prepared from pure gases by 
mixing appropriate amounts in a gas mixing pump (Wösthoff type M 300/a). 
The gas mixtures were warmed up to and saturated with water vapor at 37.0o C. 
After equilibration the hemoglobin solution was divided into two parts. One 
portion was used for estimation of pH (Radiometer pH microelectrode unit 
type E 5021 connected to a pH meter 22 with scale expander PHA 630), Рсог 
and P02 (Radiometer electrodes types E 5036 and E 5046 both connected to a 
PHM 27 pH meter), CO2 and oxygen content (van Slyke apparatus), and hemo­
globin concentration (Beckmann DU 2 spectrophotometer). The remaining 
portion was used for carbamate determination. 
Preparation of other solutions 
All reagents used were of analytical grade. For the preparation of the mixing 
and diluting solutions KOH and KCl were used exclusively because of the only 
minor alkaline error of the potassium ion on the glass electrode. For pH 
measurement in strong alkaline solution a combined glass electrode was used 
with a very small alkaline error (Radiometer GK 2351 B). 
In preliminary experiments hemoglobin solution was mixed with alkali in a 
volume ratio of 10 to 1. The 1.2 N KOH solution necessary to reach a pH of 
12 was freed from carbonate according to Davies and Nancollas (1950) or by 
the method of Albert and Serjeant (1962). In the final experiments, where a 
mixing ratio of 1 to 1 was applied, all carbonate in the mixing solution was 
removed completely by the carbamate procedure itself. Thus there was no need 
to free the mixing solutions of carbonate before use. 
Resins were prepared according to the instructions of the manufacturers. 
2,3-diphosphoglycerate was obtained from Boehringer Company. 
Carbamate determination 
The procedure was similar to that described by Rossi-Bernardi, Pace, Roughton 
and van Kempen (1969) and is presented schematically in figure 4.1. 
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FIGURE 4.1 Experimental set-up for carbamate determination. 
The contents of two syringes, one (B) loaded with about 5 ml of the equilibrated 
hemoglobin solution at 37.o0C and the other (A) with 0.5 N KOH at 40C, were 
rapidly mixed by an electromotor in a Hartridge-Roughton 8-jet mixing cham-
ber. The solution (pH = 12) was immediately cooled (40C) after mixing and 
then anaerobically applied to a Sephadex-Dowex column thermostated at 40C. 
Column dimensions are specified in Results. 
A time relais was added by which the electromotor was activated during a fixed 
time interval. In this way the column was always charged with a constant volume 
of hemoglobin solution (4.5 ± 0.2 ml). Samples were collected anaerobically by 
an all-glass micro-fraction collector provided with 7 reservoirs which alternately 
could be connected to the column outlet by air-tight ground-glass joints. 
From these reservoirs samples were transferred to the van Slyke apparatus 
(sampling procedure shown in figure 4.1) for estimation of total CO2 and 
oxygen content. Hemoglobin concentration of each sample was determined as 
hemiglobin cyanide in a Beckmann DU 2 spectrophotometer calibrated accor-
ding to van Kampen en Zijlstra (1961) with the international hemiglobin cyanide 
reference solution obtained from the Dutch Institute of Public Health. 
All measurements were performed at least in duplicate but mostly in quadrupli-
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cate. The standard deviation of the van Slyke determinations was always less 
than o.o ι for CO2 contents ranging from 10 to 30 mM/I and 0.05 in the range 
of 0.5 to 2.0 mM/1 (4 determinations). Similar values were obtained for oxygen. 
The standard deviation in the optical density (O.D.) readings of the hemiglobin 
cyanide solutions was 0.003 or less. 
Hemoglobin spectra were scanned by a double-beam recording spectrophoto­
meter (Hitachi Perkin Elmer model 124). 
Computer calculations were carried out in a Bull General Electric computer 
with time sharing. Programs were written in BASIC language. 
RESULTS 
1. a. The millimolar extinction coefficient of bovine hemiglobin cyanide at 540 πιμ 
In contrast to human and horse hemoglobin (Zijlstra et al., 1969) the millimolar 
extinction coefficient (ε) of bovine hemiglobin cyanide at 540 πιμ is unknown. 
Since it is intended to study the stoichiometric relationship between hemoglobin 
and CO2, an accurate estimation of hemoglobin concentration is required and 
and therefore e 540 тц has to be evaluated. 
Bovine hemoglobin solution was dialyzed against bidistilled water and deionized 
by passing it through a column with a mixed-bed ion exchange resin (Amberlite 
IRA 400 and IR 120). Part of this hemoglobin solution was converted to hemi­
globin and O.D. was determined at 540 πιμ. Dry weight was measured in one 
ml portions of the remaining part. 
Taking a molecular weight of 16,085 per heme (Dayhoff 1970) for bovine 
hemoglobin, ε s-w тц as calculated from 26 estimations of dry weight and O.D. 
was 11.04 with a standard error of the mean of 0.04. This value is not signifi­
cantly different from the generally accepted value for human hemoglobin 
(11.00,1.C.S.H. 1967) which therefore will be used also for bovine hemoglobin. 
1. b. The millimolar extinction coefficient of bovine hemiglobin cyanide at 
alkaline pH 
A key issue to be solved is whether the spectral properties of hemoglobin, 
especially its ε 540 πιμ, are changed by the alkaline conditions met during carba­
mate estimation. Any alteration of ε sio πιμ might affect subsequent hemoglobin 
concentration determination and thus the carbamate yield. Increasing amounts 
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of 4 N КОН were added to a hemiglobin cyanide solution of bovine hemoglobin 
by a microburette (Coleman). As soon as stable values were reached (which may 
take an hour or so at high pH values) O.D. was read at 540 τημ and pH was 
measured at the same time. Added volumes of KOH were so small that dilution 
could be neglected. The course of the O.D. at 540 τημ with increasing pH is 
shown in figure 4.2 (right side). Upon back titration with acid (4 N HCl) this 
change was reversed completely. The same phenomenon is seen in figure 4.2 
(left side) where spectral changes between 500 and 600 πιμ are presented after 
addition of alkali and back titration with acid. It is concluded from these expe­
riments that ε 540 тц of hemiglobin cyanide is not affected by previous contact 
with alkali. 
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FIGURE 4.2 Hemiglobin cyanide spectra at various pH values (left). Optical 
density at 540 πιμ of a hemiglobin cyanide solution at increasing pH (right). 
2. Alkaline denaturation 
Hemoglobin is known to denature at both ends of the pH scale. Exposure to a 
pH of 12 as taking place after rapid mixing might induce a conformational 
change which possibly alters its CO2 binding properties or interferes with deter­
mination of concentration. 
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Denaturation of hemoglobin was studied by measuring its solubility in ammo­
nium sulfate after previous contact with alkali (Haurowitz, 1934; Brinkman and 
Jonxis, 1936). Bovine hemoglobin solution was diluted with an equal volume 
of 0.5 N KOH. After various intervals ranging from 1 to 60 minutes 0.5 ml of 
this mixture was added to 8 ml of an ammonium sulfate solution in phosphate 
buffer (500 ml saturated ammonium sulfate in 500 ml 0.15 N Na2HP04 and 
55 ml N KH2PO4). The solution was centrifuged for 15 minutes and hemoglobin 
concentration was determined in the supernatant. Experiments were carried 
out on hemoglobin solutions at room temperature and at ^ C , and on double-
blocked carboxyhemoglobin at 4° С 
Any denatured hemoglobin will precipitate under these conditions; its amount 
may be estimated from the difference between the concentration of the original 
hemoglobin solution and that of the supernatant after correction for dilution. 
In figure 4.3 the percentage of native hemoglobin is plotted against time. At 
/o njtive Hb 
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FIGURE 4.3 Alkaline denaturation of bovine he-
globin (4°C, 20° C) and its double-blocked car-
bamylated derivative (4',C). 
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4° С, the same temperature as used in the carbamate experiments, no precipita­
tion is observed, neither for hemoglobin nor for its double-blocked derivative. 
Besides, hemoglobin concentration of these alkaline solutions, being half of 
the initial concentration, is found to remain constant for at least 2 hours. The 
visible and ultraviolet spectra of these hemoglobin solutions in phosphate buffer 
(pH = 7.40) after various times of exposure to alkali were identical to those of 
a hemoglobin solution of the same concentration not exposed to alkali. At 
room temperature some denaturation occurs proceeding according to first order 
kinetics. 
3. Controls on the separation procedure 
Since it was intended to study the carbamate equilibrium up to a pH value of 
about 8.4 (at higher pH values bovine hemoglobin will precipitate when equili­
brated with CO2) control experiments were carried out as described by Rossi-
Bernardi et al. (1969). 
CO2 free hemoglobin solution was mixed with 0.2 M K2CO3 in 0.5 N KOH and 
then anaerobically applied to the column. Complete separation was obtained 
when a column of 2.5 by 45 cm with a bottom layer of Dower X 10 in OH form 
(2/3 of column length) and Sephadex G 25 С (1/3) at the top was charged with 
4 ml of the mixed hemoglobin solution. 
When using Dowex some hemoglobin is always retained by the column the 
amount of which was estimated in the following way. A known quantity of 
hemoglobin was applied to the column. After elution this quantity was again 
determined in the pooled fractions. The difference between initial and final 
quantity of hemoglobin gave the amount retained by Dowex. It was found to 
be always less than 3 % of the original amount of hemoglobin. 
4. Stabilization of hemoglobin carbamate 
Effect of pH 
The efficiency of the alkalinization procedure was studied by performing carba­
mate determinations on hemoglobin solutions at constant Pcoz, pH and tempe­
rature but at varying pH after mixing. 
A hemoglobin solution of 9.5 mM/1 was equilibrated with а Рсог of 44 mm Hg 
at a pH of 7.95 at 37oС and rapidly mixed with KOH of varying strength 
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(o.2 to 0.5 Ν). The mixture was applied to the column and eluted with KOH 
(0.01 to 0.05 N) at a pH value equal to that reached after rapid mixing. In 
figure 4.4 the number of moles CO2 bound per mole hemoglobin (Z) as deter-
0 nemoglobm 
• oxyhemojlobin 
0
 -
 Q 
0 0 
¡Hb 
0 
• t 1 
.0.63 (e 
.036(3 
r, ΐ 
d.006) 
d . 0 0 2 ) 
О 
11.5 12 0 12 5 130 
pH 
FIGURE 4.4 Number of moles CO2 bound per mole 
hemoglobin (Z) equilibrated with a Pco2 of 44 mm 
Hg (pH 7.95; 37.0o C) at varying pH after mixing. 
mined from the effluent and corrected for dissolved CO2 (see next section) is 
plotted against the pH after mixing for both hemoglobin and oxyhemoglobin. 
Regression lines (Znb = 0.55 + 6.79 ю - 3 pH and Znboz = 0.35 + 1.25 ю - 3 
pH) are parallel to the abscissa within experimental errors, indicating that pH 
after mixing is sufficiently high to prevent any pH-dependent decomposition of 
carbamate initially present in solution. 
Effect of time 
The effect of time on the decomposition of carbamate was studied by determi­
ning the carbamate yield at varying intervals of time after mixing. The hemo­
globin solution equilibrated with а Рсог of 44 mm Hg and brought to a pH of 
12.0 was applied to the column and left on top of the resin for 0, 5, 10, 20 and 
30 minutes before elution was started. All CO2 arising from decomposed carba­
mate will immediately turn into carbonate which then will be retained by the 
column. Any dissociation of carbamate will therefore reveal itself in giving 
lower carbamate yields at increasing intervals of time. Evaluation by linear 
regression shows that there is, both for hemoglobin and oxyhemoglobin, a 
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decrease of Ζ with time (ΔΖιιυ/Δί = —1.2 io~3 and ΔΖΗΙ>02/ΔΙ = —ο.η i o 3 ; 
t in minutes) which however is small enough (after io min less than 3 % of the 
initial Ζ value, compared with the experimental error of Ζ of 5-10 % for 
Ζ values of 0.3 and higher) to be neglected as long as elution time remains 
within 10 minutes. 
5. Blank correction for dissolved CO 2 
During the alkalinization procedure and before separation is started, physically 
dissolved CO2 will partly turn into carbonate and partly into carbamate. That 
part which passed into carbonate will be retained by the column, the other part 
of newly formed carbamate, however, will add to the carbamate concentration 
originally present in solution. The final amount of carbamate must be corrected 
for this extra carbamate resulting from dissolved CO2. This may be done by 
performing blank experiments on hemoglobin solutions of the same concen­
tration and equilibrated with the same CO2 partial pressure as in the actual 
experiments but at a pH value low enough to prevent carbamate formation. 
Appropriate values for pH after equilibration range from 6.0 to 6.4. Lower 
values are known to disturb the dimer-tetramer equilibrium of bovine hemo­
globin (Hanlon et ai, 1971) and might affect its CO2 binding properties. The 
carbamate yield Ζ as measured in a blank experiment is entirely due to dissolved 
CO2 and must therefore be subtracted from the Ζ values obtained in similar 
experiments at neutral and alkaline pH. For instance with a hemoglobin solu­
tion (11.6 ± o.i mM (Fe)/1) equilibrated with а Рсог of 45 ± 1 mm Hg, a Ζ 
value of 0.08 ± 0.02 is obtained due to dissolved CO2 (pH after mixing is 
12.20). 
6. Carbamate equilibrium of hemoglobin and oxyhemoglobin at constant Pcoz and 
varying ρ Η 
Results of carbamate experiments on hemoglobin and oxyhemoglobin at 37.о0 С 
are shown in figure 4.5. The number of moles CO2 bound per mole of hemo­
globin (Z) is plotted against the pH of the initial hemoglobin solution after 
equilibration with CO2 (44 mm Hg). In these conditions carbamate formation 
starts, to a measurable extent, at pH 6.8. The difference in bound CO2 between 
reduced and oxyhemoglobin clearly demonstrates the oxylabile nature of the 
CO2 binding properties of hemoglobin at physiological and higher pH values. 
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FIGURE 4.5 Plot of Ζ against pH after equilibration of bo­
vine hemoglobin, oxyhemoglobin and double-blocked carboxy-
hemoglobin at а Рсог of 44 mm Hg. Temperature is 37.0° С 
At a pH of about 8.2 the value of Ζ for hemoglobin exceeds 1 due to the fact 
that, besides the binding sites in the physiological range which are supposed to 
be terminal amino groups (Kilmartin and Rossi-Bernardi 1969), other residues 
become available for CO2 binding (ε amino groups). 
Carbamate determinations performed on carboxyhemoglobin blocked at the 
terminal amino groups of both α and β chains failed to show any carbamate 
formation at all. This is a final proof for the exclusive role of the terminal 
amino groups of hemoglobin in CO2 binding under physiological conditions of 
pH and Pcoj-
In order to determine whether the difference in Ζ between hemoglobin and 
oxyhemoglobin can fully account for the difference in CO2 content as observed 
between hemoglobin and oxyhemoglobin when in total equilibrium with CO2, 
estimations of CO2 content and carbamate determinations were performed on 
the same hemoglobin solution of 8.6 mM/1 equilibrated with a Pco2 of 40 mm 
Hg at constant temperature (37.0° C) and ionic strength (0.18) but at varying 
pH. Figures 4.6.a, b gives a plot of the CO2 content at various pH values. In 
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FIGURE 4 6 
a Relation between CO2 content (Cooi) and pH for hemoglobin and oxyhemo­
globin solutions in equilibrium with a Pcoi of 40 mm Hg Hemoglobin concen­
tration is 8 б mM (Fe)/1, ionic strength 0 18 and temperature 37 o°C. 
Symbols (O, · ) refer to experiments where Ссог and Ζ were determined on 
the same hemoglobin sample, whereas (•, •) indicate Ссог estimations only, 
(O, D: hemoglobin; · , • : oxyhemoglobin) 
b Difference in Ссог (ДСсог) per mole hemoglobin and difference in Ζ 
(ΔΖ) between hemoglobin and oxyhemoglobin at a certain pH, plotted against 
pH after equilibration with CO2 (Рсог is 40 mm Hg). Ссог and Ζ values 
were obtained from the same hemoglobin solution. Standard deviation is indi­
cated by vertical bars. 
figure 4.6b the difference in CO2 content at each pH value divided by the 
hemoglobin concentration is plotted against pH, together with the difference 
in Ζ obtained from carbamate determinations on the same hemoglobin solution. 
Standard deviations are indicated by vertical bars. It is concluded that within 
limits of error the extra carbamate bound to hemoglobin fully covers the dif­
ference in CO2 content between hemoglobin and oxyhemoglobin in total equi­
librium with CO2. At least at this level of accuracy no other forms of CO2 
bound hemoglobin (i.e. y-bound CO2) need to be taken into account. Therefore 
it is permitted to calculate the first apparent dissociation constant of carbonic 
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acid in concentrated hemoglobin solutions from CO2 content (Ссог) and 
carbamate-bound CO2 according to a modified form of the Henderson-
Hasselbalch equation: 
pH = pK 1 ' + log 
Ccoz — S . P C 0 2 — Ζ [Hb] 
S.Pco2 
О) 
where S is the solubility of CO2 in mM/mm Hg (0.0321 at 37e) and [Hb] the 
hemoglobin concentration in mM (Fe)/1. 
pK', 
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FIGURE 4.7 Relation between apparent first dissociation 
constant of carbonic acid (KJ') and pH of hemoglobin 
and oxyhemoglobin solutions equilibrated with a Pccu of 
40 mm Hg at 37-0oC. 
Figure 4.7 shows p K / values both for hemoglobin and oxyhemoglobin solu­
tions of constant concentration (8.47 ± 0.04) and at constant ionic strength 
(0.18) but under varying conditions of pH (6.8 - 7.6). Linear regression analy­
sis gives for hemoglobin р К / н ь = 5.87 + 0.040 pH and for oxyhemoglobin 
pK, 'ньог = 550 + 0.090 pH. The deviation of the intercept and slope values 
is for hemoglobin 0.20 and 0.027 respectively and for oxyhemoglobin 0.15 and 
0.021 respectively. 
In combining both regression lines which were shown to differ not significantly 
from each other, a pK,' of 5.71 ( ± 0.13) + 0.061 ( ± 0.017) pH was obtained. 
When applying this experimental apparent pK value to hemoglobin solutions 
in total equilibrium with CO2 and under the same circumstances of temperature, 
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ionic strength, and hemoglobin concentration as mentioned above, carbamate 
concentration may in turn be derived from measurements of pH, Pcoz and CO2 
content only. 
7. Carbamate equilibrium of hemoglobin and oxyhemoglobin at constant pH and 
varying Pcoi 
Hemoglobin and oxyhemoglobin solutions were equilibrated with various CO2 
concentrations (Pcoz ranging from 0-120 mm Hg). At each CO2 concentration 
at least 3 equilibrations were performed (each at a different pH value but all 
within a pH range of 7.35-7.45). Carbamate concentrations estimated by the 
column method were determined at a pH of 7.40 by linear interpolation of data 
obtained at different pH values. In figure 4.8 Ζ values are plotted against Pcoz 
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FIGURE 4.8 CO2 binding curves for hemoglobin 
and oxyhemoglobin solutions equilibrated with 
various CO2 concentrations at a constant pH of 
7.40. Temperature is 37.0oC. 
at a constant pH value of 7.40 both for hemoglobin and oxyhemoglobin. Again 
the oxylabile nature of carbamate formation is clearly seen. The hyperbolic 
binding curves obtained in this way are true CO2 equilibrium curves analogous 
to the oxygen equilibrium curve. Similar CO2 equilibrium curves as presented 
here have been published recently (Perrella et al., 1971). 
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8. Effect of 2,2-diphosphoglycerate on carbamate formation 
Apart from the well known effect on oxygen equilibrium (Benesch and Benesch, 
1967; Chanutin and Curnish, 1967) 2,3-diphosphoglycerate (2,3-DPG) also in­
fluences the aflfinity of hemoglobin for CO2 (Bauer, 1969). The antagonistic 
nature of this effect has been demonstrated in hemoglobin solutions of various 
species (Tornita and Riggs, 1971) with the exception of bovine hemoglobin. 
Estimations of CO2 content at constant Рсог, ionic strength, and hemoglobin 
concentration but at varying pH have been carried out with and without addi­
tion of 0.5 mole 2,3-DPG per mole (Fe) hemoglobin. Bovine hemolysates are 
relatively free of 2,3-DPG (Rapoport, 1969). No special treatment is therefore 
needed to remove it from hemoglobin solutions. The use of phosphate buffers 
however has been avoided in view of their effect on the hemoglobin oxygen 
equilibrium. 
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FIGURE 4.9 Relation between CO2 content and pH for hemoglobin and 
oxyhemoglobin solutions in equilibrium with CO2 (Pcoa 40 mm Hg) with and 
without addition of 2,3- DPG (0.5 mole per mole (Fe) hemoglobin). 
Results are shown in figure 4.9. No difference in CO2 content could be demon­
strated between solutions with and without 2,3-DPG, neither for hemoglobin 
nor for oxyhemoglobin. 
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In preliminary experiments it could also be shown that the oxygen equilibrium 
curve of bovine hemoglobin was not displaced upon addition of 2,3-DPG at 
constant pH, or to a very slight extent only. 
This suggests that there is no functional interaction between hemoglobin and 
2,3-DPG or probably no binding at all. 
DISCUSSION 
1. Bovine hemoglobin at alkaline pH 
Although it has been shown (van Kampen and Zijlstra, 1961) that concentra­
tions of hemoglobin as hemiglobin cyanide may be determined without any 
difficulty up to a pH of 9, it is unknown what will be the effect of still higher 
pH values as met after rapid mixing and elution. 
The change in O.D. at 540 πιμ observed after addition of alkali is completely 
reversed upon back-titration with acid (Figure 4.2). Similar spectral changes 
were demonstrated in the cyanmet derivatives of human hemoglobin and horse 
myoglobin, which were all completely reversible upon acidification. It should 
be noted that the decrease in O.D. at 540 πιμ by alkali is not due to formation 
of hemiglobin hydroxide. From the ratio of O.D. at pH 13 and at pH 9 a milli-
molar extinction coefficient of about 5 is obtained for this alkaline hemoglobin 
derivative in contrast to an ε of 9.7 for hemiglobin hydroxide as reported by 
Lemberg and Legge (1949). Besides, its spectrum is different from that of hemi­
globin hydroxide. Reversible hemichrome formation seems more likely to be 
involved (Rieder, 1970). The millimolar extinction coefficient is of the same 
order of magnitude as that of hemichrome derivatives and its spectrum is simi­
lar, at least qualitatively, to hemichrome spectra (Falbe-Hansen, 1961). 
In addition to hemiglobin cyanide, hemiglobin as well as carboxyhemoglobin 
appear to be insensitive to a previous exposure for one hour to a pH of 12 
(40C), which makes possible the application of the stabilization procedure. 
2. Methodical considerations in carbamate estimation 
In the physiological range of Pcoz and pH, CO2 is supposed to react reversibly 
with hemoglobin at its terminal amino groups forming carbamino-hemoglobin 
(Henriques, 1928; Ferguson and Roughton, 1934; Stadie and O'Brien, 1937; 
Rossi-Bernardi and Roughton, 1967; Kilmartin and Rossi-Bernardi, 1969). 
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This carbamate reaction only takes place with uncharged amino groups 
(Faurholt, 1925). Using symbols introduced by Roughton (1964) carbamate 
equilibrium may be described by the following reactions: 
HbNH; ^ HbNHz + № K
z
 (2) 
HbNHz + CO2 ^ HbNHCOOH К (З) 
HbNHCOOH ^ HbNHCOO- + H+ Κχ (4) 
where Hb refers to one hemoglobin chain with a single terminal amino group 
and K, K
x
 and K
z
 are the equilibrium constants of the respective reactions. 
Reactions (3) and (4) may be combined by introducing an apparent equilibrium 
constant Kc which equals Κ.Κχ. Carbamate concentration [HbNHCOOH] + 
+ [HbNHCOO-] may then be obtained from: 
[carbamate] = [amine]totai (5) 
[H+] [H+]2 
1 + — — — + — — ; 
КЛСОг] К
г
К
с
[ С 0 2 ] 
where [amine]totai is the total concentration of terminal amino residues in 
whatever form present in solution (HbNHj 1 , HbNHz, HbNHCOOH and 
HbNHCOO -), equalling the hemoglobin concentration expressed in moles 
Fe/1. Taking for Kc and Kz the approximate values for bovine hemoglobin at 
37.0o С given in table 4.1, a hemoglobin solution of 10 mM(Fe)/l equilibrated 
at 370C with а Рсог of 44 mm Hg at a final pH of 7.40 would contain about 
3 mM/1 carbamate. To determine the carbamate concentration experimentally 
these 3 mM/1 bound CO2 should be separated from about 25 mM/1 CO2 present 
as dissolved CO2 and bicarbonate. 
Disturbances of equilibrium conditions will change carbamate concentration at 
a rate of 
-d[HbNHCOOH] [HbNHCOO-] [H+] 
= kd k
a
[C0 2 ] [HbNHa] (6) 
dt Κχ 
ka and kd being the velocity constants of the association and dissociation reac­
tion of (3). Approximate values of ka, kd and Κχ are given in table 4.1. 
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TABLE 4.1 Approximate values of equilibrium and velocity constants related to carbamate 
formation and CO2 water equilibrium. 
Value Temp. Compound Reference 
K
z
 10- 37.0o С hemoglobin 
Kc 
Kx 
ka 
kd 
K.' 
К
г 
ki 
k i 
ю -
4
· " 
ю -
4
" 
IO" '—IO" 6 
IO" 5 · 2 
1585 M-' sec-1 
410 sec - 1 
,0-6.381 
І О
- 1 0 . 3 7 7 
5900 M-'sec - 1 
96.6 ю - 6 sec - 1 
37-oeC 
20.0° С 
37.o0C 
5.0° С 
20.0° С 
20.0° С 
20.0° С 
20.0° С 
20.0° С 
20.0° С 
hemoglobin 
hemoglobin 
hemoglobin 
glycylglycine 
glycylglycine 
Rossi-Bernardi and Roughton, 1967, 
from data of Stadie and O.Bnen, 
1937 
idem 
Roughton, 1970 
Roughton, 1970 
Roughton and Rossi-Bernardi, 1970 
Chipperfield, 1966 
calculated from ka, Kc and K
x
 — 
I O - 5 . 4 5 
Hamed and Davis, 1943 
Harned and Scholes, 1941 
Pinsent, Pearson and Roughton, 1956 
calculated from ki, Ki and Kw 
If the hemoglobin solution is immediately applied to a Sephadex-Dowex co­
lumn and eluted at the same pH of 7.40 it may be computed from (6) that no 
carbamate will be left after a time delay of 200 seconds needed for elution. 
Representative results might however be obtained by changing the equilibrium 
conditions in such a way as to make both terms of the right-hand part of equa­
tion (5) as small as possible. This is achieved by raising instantaneously the pH 
of the hemoglobin solution to about 12. Dissociation of carbamate is impaired 
by a shift in the equilibrium state of the CO2 carbamate system which displaces 
reactions (2) and (3) to the right; formation of fresh carbamate from dissolved 
CO2 is at least partially prevented by accompanying alterations in the equili­
brium state of the COi-bicarbonate-carbonate system. 
In evaluating the kinetics of both systems after a sudden rise of pH the following 
reactions should be considered too: 
C 0 2 + OH- ^ HCO3 
kz 
нсо; + он- ^ со; + н2о 
(7) 
(8) 
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Dissolved CO2 will decrease at a rate : 
—d[C0 2 ] 
— = ЫСОъ] [OH-] + k
a
[C0 2] [HbNH2] - к2[НСОз] (9) 
dt 
— kdlHbNHCOOH] 
[C02]totai is defined as: 
[C02]totai = [C02] — [HCO¡] + [CCg + [HbNHCOOH] + [HbNHCOO-] 
(10) 
Since at pH 12 equilibrium of (3) and (7) is reached within a few milliseconds 
or less (Eigen and de Maeyer, 1963), i.e. much faster than in (2) and (6), equa-
tion (9) becomes: 
[C02]tot»i = [C02] + [CO3] ( — + 1) + [HbNHCOO-] ( — + 1) (11) 
\ K 2 / ' K.X / 
where K2 is the second equilibrium constant of the C0 2 - HCO3 - CO3 
system. 
At a pH value of 12 ^ 1 and <ξ ι, so (12) 
K2 Κχ 
[СОз=] = [C02]totei — [C02] — [HbNHCOO-] 
After substitution and rearrangement (9) may be written as 
—d[C0 2] / [Η1] \ 
[C02] ki[OH-] + ka[HbNH2] + i — ! k 2 - (13) dt \ K2 
[H+] J— [С02]шаі - ( — - — ) [HbNHCOO-]} 
ΐ κ 2 \ κ 2 Κχ/ j 
When applying rapid mixing with a multi-jet mixing chamber the pH of 12 
will be attained in a millisecond or so, i.e., in about the same time as needed 
for buffer reactions at protein residues to be complete. Under these circum-
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stances equation (13) is a differential equation of the type — χ = ax — b 
where a and b may be considered to be constant for a time interval of at least 
500 sec after mixing. This equation may be solved for: 
b / b\ 
χ = — h Xo e _ a t where Xo is the concentration of dissolved CO2 at t = 0, 
a \ a/ 
i.e., half the concentration of dissolved CO2 before mixing. On substitution of 
numerical values (table 4.1) for rate and equilibrium constants at 20° C, i.e. the 
temperature of the hemoglobin solution immediately after mixing, and taking 
for total CO2, carbamate and HbNHi (including 12 ε amino groups per chain) 
half of the original concentrations, equation (13) becomes 
CO2 = 14.io-1 0 + 66.10-5 e- I 4 3 t (14) 
It follows that a quasi-equilibrium state up to 99 % will be reached within 120 m 
sec after mixing, a time interval too short for the dissociation reaction to 
proceed to a measurable extent. 
The concentration of carbamate freshly formed from dissolved CO2 may be 
estimated from the rate equations of reactions (2) and (6). The ratio Q of 
dissolved CO2 turning into carbamate and carbonate is given by 
kd 
katCOz] [HbNHz] [HbNHCOO-] [н+] 
Q = г ds) 
к^СОг] [ОН-] — 2L [Н+] [COj] 
Κχ 
When inserting appropriate values from table 4.1, Q becomes 2.5. Hence 
about 70 % of the dissolved CO2 is converted to carbamate, i.e., 0.9 mM/1 of 
the dissolved CO2 initially present after equilibration. At a hemoglobin con­
centration of 10 mM/1 this will raise the Ζ values by 0.09, which is of the same 
order of magnitude as the experimentally obtained blank correction of 0.08 
rh 0.02 for Ζ (pH after mixing is 12.2). 
Alterations in reaction conditions upon rapid mixing and kinetics of equilibrium 
displacement in both СОг-сагЬатаІе and C02-bicarbonate-carbonate system 
resulting from this sudden rise of pH are schematically shown in figure 4.10. 
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FIGURE 4.10 Kinetics of equilibrium displacement in the 
COi-carbamate and COi-bicarbonate-carbonate system after 
a sudden rise of pH accompanied by a decrease of temperatu­
re; (αΝΗι), (εΝΗ2)ΐ2 indicate the species and number of 
groups available for carbamate formation. 
3. Carbamate equilibrium 
The results shown in figure 4.5 are in reasonable agreement with the scarce 
data reported by other authors and obtained with different techniques. Under 
circumstances only slightly different from those in figure 4.5 Ferguson and 
Roughton (1934) obtained, with the barium precipitation method, for hemo­
globin a Ζ value of 0.23 at a pH of 7.33 (calculated from table II of their paper) 
compared with 0.24 ± 0.02 in this study. Stadie and O'Brien, using a total CO2 
equilibrium technique (1937), gave for hemoglobin a Ζ value of 0.38 at a pH 
of 7.39 (derived from their table VI) in contrast to a value of 0.27 ± 0.02 as 
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shown in figure 4.5. The Рсог however, was about 4 mm Hg higher in their 
situation which may, at least partially, explain the observed discrepancy. 
The difference in Ζ (Δ Ζ) between hemoglobin and oxyhemoglobin indicates 
the number of moles of extra CO2 bound to hemoglobin upon complete deoxy-
generation of 1 mole of oxyhemoglobin at constant pH. At a pH of 7.40 and 
а Рсог of 44 mm Hg Δ Ζ is equal to 0.11 ± 0.04, i.e., about half the value 
found in solutions of human hemoglobin (0.21 obtained by Ferguson (1936) 
and corrected by Roughton (1970), and 0.23 derived from data of Bauer (1970)). 
Bovine hemoglobin therefore binds about half the number of moles of CO2 per 
mole of oxygen released at constant pH as compared with human hemo­
globin. 
At a pH > 8 a steep rise in Ζ is observed (Z values for hemoglobin exceeding 
1 at pH 8.2). Since in control experiments the column was shown to separate 
completely the large quantities of bicarbonate and carbonate present in this 
situation the increase of Ζ has to be attributed exclusively to carbamate forma­
tion at ε amino groups becoming available for CO2 binding at these higher pH 
values. Equation (5) is therefore modified in such a way as to include also the 
contribution of the ε amino groups. When adopting the equilibrium equations 
(2,3 and 4) carbamate concentration becomes 
[Carbamate] = Σ " ς J (j + 1) [Hb ac (ec)J e» (е+)п-'Н] (іб) 
j = o i = o 
and hemoglobin concentration 
[ H b ] = Σ " ς J [Hb ac(ec)i e» (e+)n - » - J] + (17) 
j = o i = o 
Σ [Hb a ek(e+)11 " k] + [Hb a.+(&)*] 
k = o 
Hb a, Hb a+, Hb a c refer to the concentrations of neutral, positively charged 
and carbamylated α amino groups and Hb e, Hb e+, Hb ec to the concentrations 
of ε amino groups in their corresponding state. When inserting equilibrium 
constants Kca.e and Kza.e for both groups 
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(i + J> 
/Kce [ C 0 2 ] \ KcatCOz] /KZe \ 
[Hb ac(ec)J e1 (e+)n - 1 - Π = M 1 ^ )• — ' · М Ч · (·») 
\ [H+] / [H+] \ [ H - ] / 
— — [Hb a+(e-)n] 
[ H i 
[Hb a e k(e+)n - k] = (——} -^- [Hb a+(e+)n] (19) 
\[H+]/ [H+] 
Ζ is obtained by taking the quotient of (16) and (17) after substitution of (18) 
and (19); η is taken to be 12 which is the number of ε amino groups per chain 
of bovine hemoglobin (Dayhoff, 1969), probably all titratable and capable of 
CO2 binding. 
It was attempted to calculate, from the data of figure 4.5, К 2 and Kc values for 
both α and ε amino groups. Data up to a pH of 7.6 were inserted into equation 
(20), a variant of equation (5): 
[Η'] \ Z / Kc K
z
Kc 
Plotting the left side of equation (20) against [H+] and applying least square 
methods failed to give the linear relationship previously obtained by Rossi-
Bernardi and Roughton (1967) from data of Ferguson (5 experimental points 
only). Using a polynomal approximation procedure where data were fed into 
a computer and fitted according to i/Z = AQ + Ai[H+] + A 2 [H + ] 2 + Аз[Н+]3 
and i/Z = Ao + Ai[H+]2 + A2[H+] + AatH+J-1, derived from equations (5) 
and (16, 17) respectively, gave values for Kc (рКсань ~ 4.8, рКсаньог ~ 5.1, 
pKce ~ 5.5) but failed to provide reliable Kz values (negative values in the case 
of oxyhemoglobin). 
According to common practice (van Kempen and Kreuzer, 1971 ; Perrella et al., 
1971) it is implicitly assumed in the equilibrium reactions (2) to (5) that terminal 
amino groups of both α and β chains of hemoglobin are equally involved in 
carbamate formation. 
The asymmetric functional behavior of these residues in Bohr effect and 2,3-
DPG binding, where K
z
 values are involved in both cases, makes this assump­
tion highly improbable. 
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A more refined analysis on the basis of non-equivalent but independent binding 
sites may be given in relation to data shown in figure 4.8. Within the tetrameric 
molecule these binding sites are supposed to combine with CO2 independently, 
each with its own association constant according to: 
Hb h C 0 2 F* НЬССЪаі Και (2l) 
Hb + C 0 2 ^ HnCOzcu Каг 
Hb + C 0 2 ^ HbCCbßi KP l 
Hb + CO2 - HbCOzßa Kß2 
where 01,2 refers to binding sites on both α chains and βι,2 to those on the β 
chains. A second CO2 molecule may be bound to each of three binding sites 
left, for instance to the βι amino group, according to 
HbCChai + CO2 - НЬСОгаі . COzßi Kß, (22) 
Treating similarly the combination with a third and fourth CO2 molecule, total 
concentration of CO2 bound to hemoglobin becomes : 
[Carbamate] = PfCOî] 1 2Q[C02]2 + 3R[C02]3 + 4S[C02]4 (23) 
and hemoglobin concentration: 
[Hb] = 4(1 + PICOz] + Q[C02]2 + R[C02]3 + ЪІСОг ) (24) 
where Ρ = Κ
α 1 + Каг + Kß, + КР2 (25) 
Q = Και Каг + Kßi Kßz + Κ
α 1 Κβι + Και Κβ2 + Каг Kß, 
+ Каг Κβ2 
R = Κ
α 1 Каг Kß, + Και Kß! КР2 + Κα, Kß, Κβ2 + Каг Kß, Kß2 
S = Κα, Каг Kß, Kß2 
Ζ is obtained from the quotient of equations (23) and (24). 
If for reasons of structural symmetry of hemoglobin, binding sites on identical 
chains are supposed to be equivalent (Κ
α
ι = Каг ^ K
a
and Kß, = Kß2 ^ Kß) 
Ζ simplifies to: 
ЫСОЛ к
в [ со,і 
1 + Ka[C02] ι + Kß[C02] 
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Combining equations (26) and (5) relates the association constants Κα and Κ ρ 
to their corresponding Kc and K
z
 constants: 
Κζα,β . K
c a
,p 
Κα,β = (2?) 
Κζα.β[Η+] + [ Η 4 2 
Equation (26) is rearranged to 
Ζ = (Κα + Κβ) (i — Ζ) [C02] + Κα . Κβ (ι — Ζ) [C02]2 (28) 
and the data shown in figure 4.8 were found to fit this equation for Κα and Κβ 
values of 1.53 io~2 and 0.46 io~2 in the case of hemoglobin and 7.7 ю - 3 and 
0.65 i o - 3 in the case of oxyhemoglobin. 
The error of (Κα + Κβ) and Κα . Κβ was 0.24 ю - 2 and 6.9 ю - 6 for hemoglo­
bin, and 0.024 I 0 ~ 2 a n d 1.2 ю - 6 for oxyhemoglobin. 
Κα,β values are expressed in mm Hg - 1 . When Kc and Kz values of table 4.1 
are inserted into equation (27) Κα,β values (M/l) - 1 are obtained which are of 
the same order of magnitude as the values mentioned above if expressed in the 
same units. 
From the rather few data of figure 4.8 and under the condition made in deriving 
equation (26) it is concluded that terminal amino groups of both α and β chain 
contribute significantly but not equally to CO2 binding in hemoglobin as well 
as in oxyhemoglobin solutions. 
Kc and Kz values for individual binding sites may be obtained by solving 
equation (27) for a similar set of CCb-binding data taken at a different pH 
value. 
More values at a broader range of Рсог are needed first in order to confirm 
equation (26) and reduce the error of Κα,β. 
4. Carbamate and bicarbonate in equilibrium with CO2 
a. The existence of y-bound CO2 
Apart from carbamate formation another type of CO2 binding has been pro­
posed by several authors. Bicarbonate was shown to displace the oxyhemoglo­
bin dissociation curve, which brought Sidwell et al. (1937) and Hermann et al. 
(1939) to postulate a compound formation between hemoglobin and bicarbo­
nate. Arguments of Margaría (1957) in favor of this so-called y-bound CO2 
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(Ferguson and Roughton, 1934), were mainly based on the observed discrepancy 
in carbamate yield obtained with the barium precipitation technique and the 
total CO2 equilibrium method. At pH < 7 where carbamate formation is 
supposed to be negligible the second method yielded appreciable amounts of 
bound CO2 which could not be demonstrated by the first method. CO2 binding 
at acid pH could not be confirmed by Stadie and O'Brien (1937). Recently 
Kreuzer et al. (ι971), adopting a kinetic method, showed that there exists, even 
at physiological pH, a very slight but definite specific effect of bicarbonate on 
the affinity of hemoglobin for oxygen. 
In the experiments of Milla, Giustina and Margaría (1953) concentration of 
bound CO2 was obtained from total CO2 content by subtracting concentrations 
of dissolved CO2 estimated from Рсог in the gas phase and bicarbonate calcu­
lated from the Henderson-Hasselbalch equation using the apparent first disso­
ciation constant of carbonic acid (ΚΊ, where ρ Κ Ί = 6.33—0.54 ц a t 37.ο 0€; 
Hastings and Sendroy, 1925). In these conditions the dissociation constant of 
carbonic acid (denoted by K / ) is a purely experimental quantity not deter-
minable by Hastings' equation. K, ' might be expected and has actually been 
shown to vary with pH in aqueous as well as in protein containing solutions 
(Siggaard-Andersen, 1962). In human plasma it is found to decrease with in-
creasing pH (d pK/Zd pH = 0.049 a t pH = 7.4; Rispens et al, 1968), in 
hemoglobin solutions its relation to pH and protein concentration is unknown 
at present. As far as K, ' values of hemoglobin and oxyhemoglobin in the same 
conditions of ionic strength, pH and protein concentration are considered to be 
equal, Δ Ζ is independant of the pK,' value chosen. Comparing Δ Ζ values 
(rather than Z) obtained by both methods failed to reveal the discrepancy ob­
served by Margaría (figure 4.5b). Therefore any oxylabile y-binding will be 
limited to the range of error inherent to both methods (error in Δ Ζ is at least 
dr 0.02), which leaves the subject still somewhat controversial. 
b. Calculation of pK, ' in hemoglobin solutions 
As stated above the first dissociation constant (Ki) of carbonic acid cannot be 
determined in hemoglobin solutions. It involves knowledge of the activity coef­
ficients of both HCO3 and CO2 which cannot be derived from the equations 
of Stadie and Hawes (1928) since these equations are obtained from experiments 
disregarding carbamate formation. It may be attempted to define an entirely 
experimental apparent dissociation constant (K/) in hemoglobin solutions. 
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Under the experimental conditions defined in section 6 of Results, this pK,' 
equals 6.159 for both hemoglobin and oxyhemoglobin in agreement with values 
reported for bovine hemoglobin (6.13 ± 0.05 for Hb and 6.17 ± 0.03 for 
H b 0 2 ; Rossi-Bernardi and Roughton, 1967). This value tallies reasonably well 
with the value obtained from the double-blocked derivative after being correc­
ted for the difference in protein concentration (Siggaard-Andersen, 1962). This 
pK*' value however is of limited importance in the calculation of carbamate 
concentration from CO2 estimations. It may only be used under similar condi­
tions as mentioned above and is expected to give merely approximate values. 
Using the data of figure 4.7 the ratio of carbamate CO2 to CO2 content is cal­
culated to vary, with decreasing Рсог, from 0.09 to 0.13 for hemoglobin and 
from 0.04 to 0.08 for oxyhemoglobin (pH 7.4, Рсог between 20 and 100 mm 
Hg). Considering the error in the van Slyke technique it follows that carbamate 
concentration estimated from CO2 content may be uncertain to at least 10 %. 
с Interaction of bovine hemoglobin with 2,3-DPG 
The interaction between hemoglobin and 2,3-DPG, which has been demon­
strated in hemolysates of various species including man (Benesch and Benesch, 
1967; Beetlestone and Irvine, 1970; Tornita and Riggs, 1971) seems absent m 
the case of bovine hemoglobin. The inhibitory effect on carbamate formation 
and probably also the influence on the affinity of hemoglobin for oxygen failed 
to appear upon addition of 2,3-DPG at constant pH, Рсог and P02. 
In this respect it seems an interesting coincidence that 2,3-DPG levels in bovine 
red cells are about 500 times less than in human erythrocytes (Rapoport, 1969). 
Hemolysates of sheep erythrocytes where hemoglobin is reported to have no 
affinity for 2,3-DPG (Perutz, 1970) have equally low 2,3-DPG levels. 
2,3-DPG is assumed to react, among other residues, with the terminal amino 
groups of the α chain (Bunn and Briehl, 1970; Perutz, 1970) in competition 
with CO2. The absence of such interaction in bovine hemoglobin may be ex­
plained in a similar way as in the case of sheep hemoglobin (Perutz, 1970). 
From the primary structure of bovine hemoglobin (Schroeder et al., 1967) it 
appears that its β chain is one residue shorter at the amino end compared with 
the chain of human and horse hemoglobin. This will increase the distance 
between terminal amino groups of the β chain and lower the association con­
stant for the two phosphate groups of DPG. 
In human hemoglobin 2,3-DPG in a concentration of 0.5 mole per mole heme 
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decreases Δ Ζ to about 50 % (Pace, Rossi-Bernardi and Roughton, 1970). It 
follows that bovine hemoglobin is involved in oxylabile CO2 transport to about 
the same extent as human hemoglobin in the presence of 2,3-DPG. 
SUMMARY 
Hemoglobin-bound CO2 was estimated by a procedure first described by Rossi-
Bernardi, Pace, Roughton and van Kempen (1968) in which the carbamate 
compound is stabilized by rapid mixing with alkali and then separated from 
other CO2 constituents in solution by gel filtration and ion exchange chroma­
tography. Z, the number of moles CO2 bound per mole (Fe) hemoglobin, is 
obtained from the anaerobically sampled hemoglobin solution by standard gas 
analysis and hemoglobin concentration determination. The efficiency of the 
separation procedure is checked in control experiments and the conversion of 
dissolved CO2 into freshly formed carbamate is corrected for by blank experi­
ments. Elution times of 10 minutes or less and pH values after mixing ranging 
from 11.5 to 12.5 were shown to have no effect on carbamate yield. No alkaline 
denaturation of bovine hemoglobin was observed in conditions existing during 
carbamate estimation. 
Carbamate equilibrium of bovine hemoglobin was studied at constant Рсог and 
varying pH as well as at constant pH and varying Рсог (ionic strength 0.18, 
temperature 37.0е С). The difference in Ζ (Δ Ζ) between hemoglobin and oxy­
hemoglobin appeared to be 0.11 ± 0.04 (pH = 7.40; Pco2 — 44 mm Hg), i.e. 
about half the value observed in human hemoglobin. Δ Ζ was shown to account 
completely for the difference in CO2 content (Ссог) between hemoglobin and 
oxyhemoglobin when in total equilibrium with CO2. 
Carbamate determinations on bovine hemoglobin specifically modified at all 
terminal amino groups (double-blocked carbamylated derivative) did not show 
any CO2 binding at all, thus giving a final proof for the exclusive role of the 
terminal amino groups in CO2 binding under physiological conditions. At 
pH > 8 Ζ values exceeded 1, indicating the presence of other residues being 
available for CO2 binding (e amino groups). 
Attempts to calculate the ionization constant (K
z
) and the carbamate equili­
brium constant (Kc) of the terminal amino groups failed, suggesting that not 
all terminal groups are equivalent in their CO2 binding properties. This was 
confirmed by the fact that carbamate data obtained at constant Рсог and 
varying pH fitted binding curves derived from two sets of independent but 
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non-equivalent binding sites. Association constants for both kinds of binding 
sites appeared to differ by a factor of at least 3 in hemoglobin and of about 
10 in oxyhemoglobin. 
From determinations of hemoglobin-bound CO2 and CO2 content of hemo-
globin and oxyhemoglobin solutions in total equilibrium with CO2, the appa-
rent first dissociation constant of carbonic acid was calculated and found to be 
independent of the oxygenation state of hemoglobin. 
In contrast with hemoglobin of other species bovine hemoglobin appeared to 
be not influenced by the presence of 2,3-DPG as far as its CO2 binding proper-
ties are concerned. A possible explanation is given from a comparison of the 
structure of its ß-chain with that of human and horse hemoglobin. 
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Chapter 5 
PREPARATION OF BOVINE HEMOGLOBIN DERIVATIVES 
CARBAMYLATED AT THE TERMINAL AMINO GROUPS 
INTRODUCTION 
In the preceding chapter terminal amino groups of bovine hemoglobin were 
shown to be not equally involved in CO2 binding as has been assumed pre­
viously. One of the two association constants related to CO2 binding sites on 
α and β chains appeared to be at least 3 times higher in hemoglobin and about 
10 times higher in oxyhemoglobin solutions (pH 7.40; 37.0" C). The limited 
accuracy of data derived from carbamate estimations did not allow further 
analysis in terms of K
c
 and K
z
 values for individual binding sites. 
These constants may presumably be determined by studying C 0 2 binding pro­
perties of hemoglobin derivatives modified at the terminal amino groups of 
either α or β chain in such a way as to inhibit their reaction with CO2. One of 
the main requirements to be met is that modification of one of these binding 
sites does not affect the functional properties of the other sites. In practice this 
means that no conformational changes of hemoglobin structure are allowed to 
occur and that cooperative effects within the protein molecule must remain 
unchanged. 
Hemoglobin is readily modified at its terminal amino groups by treatment with 
i-fluoro-2,4-dinitrobenzene (FDNB) (Hill and Davis, 1967). The hemoglobin 
derivative thus obtained appeared to have lost heme-heme interaction and Bohr 
effect completely (Neer and Koningsberg, 1968) and its crystallographic struc­
ture showed large deviations from that of the native protein (Kilmartin and 
Rossi-Bernardi, 1969). 
Another approach is to study CO2 binding properties of hemoglobin in the 
presence of 2,3-DPG which is known to combine reversibly with the terminal 
amino groups of the β chain (Bunn and Briehl, 1970). Such combination which 
is observed in hemoglobins of various species does not occur, however, in 
bovine hemoglobin or only to a slight extent. 
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Treatment of horse hemoglobin (fast component) with cyanate was shown to 
block, under certain conditions, specifically the terminal amino groups of α or 
β chain without inducing any significant conformational change or affecting 
heme-heme interaction (Kilmartin and Rossi-Bernardi, 1969). 
MATERIALS AND METHODS 
Preparation of hemoglobin solution. 
In view of the previous study on carbamate equilibrium of bovine hemoglobin 
the cyanate-blocked hemoglobin derivatives were prepared from bovine hemo­
globin as well. 
Hemoglobin solutions were prepared according to the ether and salt procedure 
of Adair and Adair (1934) at 4°C from freshly drawn heparinized bovine 
blood and stored under a positive pressure of carbon monoxide at 4 0C. 
Hemoglobin concentration was determined as hemiglobin cyanide taking into 
account the much slower conversion time of the carbon monoxide derivative. 
Methemoglobin concentration in these COhemoglobin solutions was determi­
ned according to Kilmartin and Rossi-Bernardi (1971). 
Methods used in performing sulfhydryl titration and oxygen equilibrium studies 
are described under Results. 
All reagents used were of analytical grade. Potassium cyanate was obtained 
from J. T. Baker Chemicals, cystamine dihydrochloride and dithiothreitol from 
Sigma Chemical Company, glutathione from E. Merck A.G., p-chloro-
mercuribenzoate from Calbiochem, Inc., Sephadex G 25 F from Pharmacia, and 
Biorex 70 (200-400 mesh Na + form) from Bio-Rad Laboratories. 
RESULTS 
I. Preparation of carbamylated bovine hemoglobin derivatives 
The procedure was similar to that used by Kilmartin and Rossi-Bernardi 
(1969, 1971) in preparing carbamylated horse hemoglobin derivatives, except 
for some modifications in reagent concentrations and reaction conditions. 
Cyanate is known to react, except for terminal amino groups, with sulfhydryl 
groups (-SH groups) as well. Since this reaction appeared to be not completely 
reversible at alkaline conditions (Kilmartin and Rossi-Bernardi, 1969), at least 
not in the case of hemoglobin, reactive -SH groups were protected by treatment 
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with cystamine dihydrochloride (15 moles/mole αβ-dimer, ι hour at 4.0o С, 
pH 8.5) before carbamylation was started. The excess of cystamine was removed 
by gel filtration (Sephadex G 25 F equilibrated with a 0.2 M sodium phosphate 
buffer of pH 6.20). The cystamine-treated hemoglobin solution was reacted 
with KCNO (in concentrations varying from 5 to 50 moles/mole αβ-dimer) for 
one hour at 25.0° С and then passed through a Sephadex G 25 F column equili­
brated with 0.025 M/l Na2HP04 to remove the excess of KCNO. The reacted 
-SH group was freed from cystamine by treatment with dithiothreitol (15 
moles/mole αβ-dimer) at 4.o0C and pH 8.5. 
After gel filtration (Sephadex G 25 F equilibrated with a 0.05 M sodium 
phosphate buffer of pH 6.20; NazHPC^ 0.94 g/1 and N a H z P O ^ H2O 5.66 g/1) 
the hemoglobin solution was applied to a Biorex 70 column previously equili­
brated with the same buffer. The column was developed by a continuous linear 
salt gradient of 0.05 to 0.10 M sodium followed by 0.15 M sodium. The elution 
pattern for a column of 2 χ 40 cm charged with about 2.5 g hemo-
OD. 
ЗЧОту 
2 0 
effluent volume(l) 
FIGURE 5.1 Elution pattern of bovine hemoglobin (2.5 g) treated with cyanate and 
applied to a Biorex 70 column (2 χ 40 cm) which was equilibrated before with a 
0.05 M sodium phosphate buffer (pH 6.2) at 4.o°C. 
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globin is shown in figure 5.1. Similar results were obtained when Amberlite 
CG 50 or Sephadex CM 50 were used. Biorex was preferred to Amberlite since 
preparation of this resin proceeds much faster, and to Sephadex because it 
showed no volume changes as occur in the gel bed at these low ionic strengths. 
The fractions obtained were concentrated on an Amincon diaflo apparatus and 
stored under CO at 4.0oC. Methemoglobin concentration of these solutions 
was about 8 % of the total hemoglobin concentration. The whole preparation 
procedure is summarized in table 5.1. 
TABLE 5.1 Preparation of carbamylated derivatives of bovine carboxyhemoglobm. 
Treatment 
cystamine HCl 
potassium cyanate 
ι
 G F 
dithiothreitol 
ι
 G F 
fractionation 
on Biorex-70 
Concentration 
(moles/mole aß-dimer) 
15 
5 
15 
pH 
8.5 
6.2 
8.5 
6.2 
Temperature 
ГС) 
4 
25 
4 
4 
Time 
(hour) 
1 
I 
12 
* GF· gel filtration. 
Identification of the four peaks obtained in fractionating the hemoglobin solu­
tion on Biorex was not carried out so far. Since the elution pattern was essen­
tially the same as that obtained by Kilmartin and Rossi-Bernardi (1971), and 
titration studies performed on the automatic titration equipment of de Bruin 
et al. (1969) showed similar results as in the horse hemoglobin derivatives, 
fractions were assumed to correspond to those obtained for horse hemoglobin 
identified in the proper way. 
2. Determination of reactive sulfhydryl groups 
The efficiency of the blocking procedure of -SH groups with cystamine and 
their recovery after treatment with dithiothreitol were studied by spectro-
photometnc -SH determination with p-chloromercuribenzoate (PMB) according 
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to Boyer (1954). The procedure is based on the increase of optical density 
(O.D.) in the 250 πιμ region accompanying mercaptide formation which varies 
linearly with the amount of sulfhydryl present in solution. 
Spectrophotometric -SH determination was performed on solutions of CO 
hemoglobin in a phosphate buffer using a double beam spectrophotometer 
(Hitachi Perkin Elmer model 124). PMB was added to hemoglobin and reference 
solution by microburettes (Metrohm, type E 475). Stock solutions of PMB 
were standardized against glutathione. As reference solution a phosphate buffer 
was used to which К2СГ2О7 was added. As shown in figure 5.2a К2СГ2О7, in 
contrast to КзРе(СК)б, does not react with PMB. 
0 2 0 ' 
200 300 
μΐ PMB 
150 200 
p i P.M B. 
FIGURE 5.2 
a Titration of КзРе(СМ)е and KICTIOI with p-chloromercuribenzoate (PMB). 
b Titration of bovine hemoglobin with p-chloromercuribenzoate (PMB). 
A typical PMB titration curve of bovine hemoglobin at a pH of 7.0 is shown in 
figure 5.2b. The number of free -SH groups within the bovine CO hemoglobin 
tetramer obtained in this way was found to be 2.17 ± 0.13 (mean and standard 
deviation of three determinations). Blocking of these two -SH groups was 
studied with cystamine concentrations (15 and 50 moles per mole αβ-dimer) at 
two different pH values (7.1 and 8.5) and after four periods of reaction time 
(i,i,2 and 4 h). After treatment at 4°С the excess of cystamine was removed 
by gel filtration. Results are shown in table 5.2. In all cases both -SH groups 
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TABLE 5.2 Sulfhydryl titrations on bovine hemoglobin derivatives. 
Treatment 
cystamine HCl 
cystamine HCl 
cystamine HCl 
dithiothreitol 
dithiothreitol 
Reaction conditions at 4.0' 
concentration 
(moles/mole 
15 
50 
15 
50 
15 
•5 
15 
15 
50 
15 
50 
αβ-dimer) pH 
7.1 
7.1 
8.5 
8.5 
7·ΐ 
7-1 
7·ΐ 
7-1 
7·ΐ 
8.5 
8.5 
С 
time 
(hour) 
4 
4 
4 
4 
i 
I 
2 
4 
4 
4 
4 
Number of — SH groups 
titrated with PMB 
none 
none 
none 
none 
none 
none 
none 
2.31 
2.23 
2.24 
2.14 
of hemoglobin appear to be completely blocked. Deblocking of cystamine-
blocked -SH groups by addition of dithiothreitol was studied at two levels of 
dithiothreitol concentration (15 and 50 moles/mole αβ-dimer) and at two dif­
ferent pH values (7.1 and 8.5). Excess of dithiothreitol was removed by gel 
filtration. It follows from table 5.2 that both -SH groups were completely 
recovered under these conditions. 
3. Oxygen equilibrium curves 
In determining the oxygen equilibrium curves of modified hemoglobins such 
as the cyanate-blocked derivatives, difficulties arise which are commonly absent 
when dealing with untreated hemoglobin. Usually modified hemoglobins are 
available only in small amounts or in very dilute solution. Besides, they are 
readily oxidized during the modification procedure (when not kept constantly 
under CO) or do so while oxygen equilibrium is studied. Due to shortage of 
material gasometric techniques cannot be applied in most cases. The spec-
trophotometric method commonly used, although consuming less material, 
does not account for methemoglobin formation during equilibration of hemo­
globin with oxygen. Therefore, instead of following the two wave-length 
method used by most authors (Riggs, 1951), O.D. was measured at three dif­
ferent wavelengths, thus allowing to calculate methemoglobin concentration at 
any time during equilibration with oxygen. 
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a. Principle 
The three wavelengths chosen were 523 πιμ (which is an isobestic point of 
methemoglobin (MHb) and oxyhemoglobin (НЬОг)), 558 πιμ (where a relatively 
large difTerence in absorbance exists between Hb, НЬОг and MHb and the 
slope of the O.D. curve is not very steep), and finally 569 πιμ (which is an 
isobestic point of Hb and HbOz whereas the difference of absorbance with 
MHb is relatively large). The O.D. values at these wavelengths are 
O.D.'» = ε ^ [Hb]l + еньо'мнь ([Hb0 2] + [MHb])l (1) 
O.D.» 8 = ESS [Hb]l + Бню, [Hb02]l + г^ь [MHb]l (2) 
O.D.se» = еньльо, ([Hb] + [Hb02])l + ε ^ [MHb]l (3) 
where ε is the millimolar extinction coefficient of the component, [Hb], [HbOz] 
and [MHb] are the concentrations in mM/1, and 1 is the layer thickness of the 
absorption cuvette in cm. 
ε values are estimated at each wavelength from hemoglobin solutions consisting 
of a single component. Once ε values are established oxygen saturation (S02, %) 
and MHb are readily obtained from determination of O.D. at three wavelengths 
only. 
b. Determination of ε values 
ε values were determined on hemoglobin solutions prepared at 4° С from 
freshly drawn heparinized bovine blood. About 5 ml of whole blood were 
hemolyzed by addition of 100 ml bidistilled water, 0.5 ml Sterox S E was added 
and the final solution was diluted to one liter with the phosphate buffer. In 
the stock solution thus obtained hemoglobin concentration was about 45 μΜ 
(Fe)/1, phosphate concentration 0.02 M/l, ionic strength (after addition of KCl) 
0.2 and pH 7.22. Equilibration of hemoglobin solutions was performed in a 
double-walled tonometer thermostated at 27.4o С a n d provided with an ab­
sorption cuvette joined to the tonometer. The cuvette could easily be discon­
nected for the purpose of cleaning. 10 ml of the stock solution were deoxygena-
ted in the tonometer which was shaken on a linear shaker and flushed con­
tinuously with nitrogen preheated and humidified at the same temperature. 
After deoxygenation was complete, O.D. was measured at 522, 523, 524 πιμ, at 
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558 ιημ and at 568,569 and 570 πιμ. The hemoglobin solution was then oxygenated 
with 25 % oxygen in nitrogen and O.D. was determined at the same wave­
lengths. Finally the sample was oxidized by addition of 3.16 moles K3Fe(CN)6 
per mole (Fe) hemoglobin and O.D. was measured at these wavelengths again. 
The calibration procedure was repeated for 10 hemoglobin samples. Standard 
error of the mean for O.D. readings of Hb, НЬОг and MHb was 0.005 o r l e s s · 
The exact position of the isobestic points and their O.D. were derived graphically 
from O.D. readings of both components at adjacent wavelengths. After ε values 
were calculated equations (1), (2) and (3) were solved for [Hb], [HbOz] and 
[MHb]. An example of a set of equations derived in this way is: 
[MHb] = Ο.Ο506 (O.D.)522.7 — Ο.ΟΟΙ6 (O.D.)588 — 0.0335 (O.D.)569.5 (4) 
[HbOz] = 0.1043 (O.D.)522.7 — 0.0642 (O.D.)588 — 2.1425 [MHb] (5) 
[Hb] = 0.0307 (O.D.)522.7 — 0.9837 ([НЬОг] I [MHb]) (6) 
с Determination of the oxygen equilibrium curve 
The actual determination of the oxygen equilibrium curve was performed under 
conditions similar to those present during estimation of ε values. The hemo­
globin solution was diluted in the same phosphate buffer to such extent that 
the O.D. reached was of the order of 0.4 (van Kampen and Zijlstra, 1965). 
Ten ml of this solution were deoxygenated and O.D. was read at the three 
wavelengths. This procedure was repeated after each equilibration of the sample 
with oxygen of varying concentrations. Three to five equilibrations could be 
performed on a single sample before a significant increase of [MHb] was no­
ticed. Thus 5 μΜ (Fe) of hemoglobin are sufficient for an oxygen equilibrium 
curve of 12 points, including the preceding calibration procedure (in duplicate). 
Figure 5.3 shows a series of oxygen equilibrium curves of native (a,b,c,d) and 
double-blocked (e) hemoglobin in the presence of various hemoglobin concen­
trations (pH 7.40 and temperature 27.4° C). Carbon monoxide was removed 
from the modified derivative by equilibration with pure oxygen at 4° С under 
strong light. Replacement by oxygen was found to be complete (checked spec-
troscopically) within 20 min. Both Hill constant (n) and oxygen partial pressure 
at half saturation (P50), calculated from the data between 10 and 90% satura­
tion, decreased at increasing methemoglobin concentration, in agreement with 
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FIGURE 5.3 Oxygen equilibrium curves of untreated (a,b,c,d) and carbamylated double-
blocked (e) bovine hemoglobin at varying methemoglobin concentration. pH 7.40 and tem-
perature 27.4o С 
early and recent data (Darling and Roughton, 1942; Enoki et ai, 1969). It is 
concluded that the rather low η value of the double-blocked derivative is largely 
due to the high methemoglobin concentration present in solution. 
DISCUSSION 
Stark and Smyth (1963) and Stark (1964, 1965) showed that cyanate reacts, 
exept for terminal amino groups, with ε amino groups, -SH groups, tyrosines 
and histidines as well as with carboxyl groups. Under the conditions used the 
reactivity of the e amino groups is very low. Reaction with tyrosine and histidine 
residues was reported to be reversible at alkaline conditions. Since the reaction 
with -SH groups, however, appeared to be not completely reversible in hemo­
globin solutions at these conditions the reactive -SH group was protected by 
cystamine according to Taylor et al. (1966) before treatment with cyanate was 
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started. The reaction with carboxyl groups is reported to be irreversible, there­
fore further identification of the fractions obtained is needed before functional 
properties may be studied in detail. As concluded from titration curves, the 
first fraction showed the disappearance of one charge per heme which corres­
ponds to the double-blocked derivatives of horse hemoglobin whereas the ti­
tration curve of the fourth fraction was identical to that of untreated bovine 
hemoglobin. Therefore it seems rather likely that the second and third fractions 
correspond to single-blocked derivatives carbamylated at the terminal amino 
group of either α or β chain. 
As to its functional properties the presumably double-blocked derivative has 
been studied to some extent. It showed about normal heme-heme interaction 
although slightly reduced by the presence of large concentrations of met-
hemoglobin, indicating that no large conformational change had occurred. 
Titration curves with nitrogen and oxygen alternately showed a slightly reduced 
Bohr effect, not influenced by the presence of CO2. Carbamate estimation on 
this derivative showed no CO2 binding at all. Functional properties of single-
blocked derivatives will be studied in a similar way. The infrared method 
developed by Ortega et al. (1966) was modified in such a way as to make it 
suited for analysis of fluids of low CO2 content. This method (presented in the 
Appendix) may be helpful in carbamate estimations of single-blocked deriva­
tives. 
Although a quantitative description of the mechanism of carbamate formation 
is not yet possible a few remarks may be made in relation to data presented 
in figure 4.8 which may elucidate the problem at least qualitatively. As already 
mentioned Pace et al. (1970) showed that the total amount of CO2 bound to 
hemoglobin was reduced by about 25 % upon addition of 2,3-DPG whereas 
the total amount of CO2 bound by oxyhemoglobin was not affected. Since 
under these conditions CO2 will largely be displaced from its binding site on 
the β chain it follows that the α terminal amino group contributes for the greater 
part to oxylabile CO2 binding and therefore К
а
нь ^ 1.5 ю - 2 and Крнь — 
0.46 ю - 2 . The absence of any CO2 effect of 2,3-DPG on bovine hemoglobin 
does not seem to invalidate these arguments. It presumably arises from the 
'deleted' primary structure of the β chain without affecting its pK
z
; no abnor­
mally low pK
z
 values of terminal amino groups were observed hitherto in 
titration studies of bovine hemoglobin in comparison with pKz values for 
human hemoglobin. 
In the case of oxyhemoglobin the situation is less clear. The terminal amino 
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group of the β chain is shown to be not involved in the Bohr effect (Kilmartin 
and Rossi-Bernardi, 1969) which implies that its pK
z
 value remains essentially 
unchanged upon oxygenation. The terminal amino group of the α chain con­
tributes significantly to the Bohr effect (25 %) by raising its рК 2 upon deoxyge-
nation (Perutz, 1970). Concerning CO2 binding upon oxygenation there are 
two possibilities: either the affinity of the β terminal amino group is increased 
by a factor of about 2 and that of the α terminal amino group is reduced by a 
factor of 25, or both are lowered by a factor of 7 and 2 respectively. 
As seen from equation (27) (chapter 4) Keß is expected to be raised by a factor 
of 2 in the first alternative and to be lowered by a factor of 7 in the second 
alternative. If K z a is reduced by 1 pK unit when hemoglobin is oxygenated, 
Kca would be lowered by a factor of about 250 in the first alternative and by 
a factor of about 20 in the second alternative. These factors are roughly 3 times 
smaller if pKza changes by 0.5 pK unit only. 
In order to clarify this situation a model experiment was carried out. The 
terminal amino group of either α or β chain is reacted with CO2 and the carba­
mate formed (shown in figure 5.4a) is considered with respect to its interactions 
with other residues within the protein molecule. Oxygen (Oi) is assumed to 
rotate freely around the axis of the C2 — N3 bond whereas C2 is rotating at the 
a Atomic model of a terminal amino group of hemoglobin reacted with CO2. Bond lengths 
are indicated in Angstrom. 
b The same model located in a XYZ coordinate system. Oi freely rotates around C2M; 
C2 rotates in the XY plane. Details are given in the text. 
89 
same time around the N3 — C4 axis in the XY plane (figure 5.4b). The coordi­
nates of Oi may be shown to obey 
((a + d sin η) cos α — b cos η cos α cos β + b sin о sin β (a + d sin η) sin α — b cos η sin α cos β — b cos α sin β 
d cos η + b sin η cos β 
where η refers to the (fixed) angle between C2N3 and N3C4, α to the angle 
between SC2 and the XZ plane, and β to the angle between C4SC2 plane and 
OiM; C2S = a, C2M = d and OM = b. 
Possible interactions of Oi with other residues of hemoglobin may promote or 
impair CO2 binding by affecting the Kc value of the terminal amino group to 
which it is attached. The range at which these interactions may occur is supposed 
to be within a distance of 3 Â from Oi. It may be shown that the shortest 
possible distance between Oi and any residue is reached when X, Oi, C2N3 are 
all located in the same plane. From the coordinates of horse carboxyhemoglobin 
at a resolution of 2.8 Â (kindly provided by Dr. M. Perutz), computer calcu-
lation showed that no groups capable of interacting with Oi were present at 
a distance of 3 Â or less. The group most adjacent to Oiß was the terminal 
carboxyl group of its partner chain (minimum distance 3.45 Λ) which will cer­
tainly reduce its Keß value (second alternative). The minimum distance between 
Om and the terminal carboxyl group of its partner chain was calculated to be 
6.22 À and will probably not influence Kca· 
It is concluded that alterations of Κοα,β are mainly due to interactions of the 
carbamate group in hemoglobin rather than in oxyhemoglobin. Similar cal­
culations may be performed on hemoglobin as soon as its coordinates are 
available (Bolton and Perutz, 1970). 
The following arguments may be presented in favor of the second alternative. 
It gives an explanation of the decrease of Κ0β upon oxygenation whereas in 
first the alternative no indication for a rise of Keß is found. No evidence seems 
available to elucidate the drastic reduction of Kca upon oxygenation in the 
first alternative whereas such a large decrease of Kca does not occur in the second 
alternative. It therefore seems rather likely to suppose Κα to be 7.7 io~3 in 
oxyhemoglobin. 
Terminal amino groups of both α and β chains are involved in oxylabile CO2 
binding but the contribution of the α terminal amino group is much more 
pronounced. 
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SUMMARY 
A preparation procedure of bovine hemoglobin derivatives carbamylated at 
their terminal amino groups is described as well as a method to study their 
oxygen equilibrium in the presence of high methemoglobin concentrations. 
Heme-heme interaction of the double-blocked derivative was reduced (n = 1.89) 
and the curve was displaced to the left (P50 = 3.4 mmHg). 
Oxygen equilibrium curves of untreated hemoglobin in the presence of about 
the same methemoglobin concentration showed similar η and P50 values. Carba­
mate formation is discussed in terms of ionization constants and CO2 equili­
brium constants of individual binding sites. 
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APPENDIX 
Estimation of low CO2 content of fluids by infrared analysis 
In order to perform carbamate determinations, also on single-blocked hemo­
globin derivatives, accurate estimation of total CO2 at low CO2 content 
(0.05-0.5 mM/1) is required. Since at these concentrations the van Slyke tech­
nique is likely to produce errors ranging from 10 to 100 % a new method was 
developed with greater accuracy in the lower range of CO2 content. 
An infrared gas analyzer (URAS 2, Hartmann and Braun) was used with a cell 
of 250 mm length, corresponding to a full scale deflection of 0.01 % CO2. The 
general set-up is shown in figure 5.5a, b. The inlet and outlet of the analyzer 
were connected to a gas extraction chamber provided with a sample inlet 
system. All connections were made of CO2 impermeable viton tubing. The 
circulating gas flow of 120 ml/min was regulated by a membrane pump and a 
flowmeter. 
fourMuy 
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FIGURE 5.5 General set-up of the infrared unit for estimation of CO2 content (left). Analyzer 
output (mA) for gases of varying CO2 concentration (right). 
In order to expel all CO2 from the sample 3 ml of 0.1 N lactic acid with antifoam 
were added to the extraction chamber. A moisture trap was included in the 
circuit in order to prevent overflow of lactic acid into the cell. 
Before the injection of the sample the circuit was flushed with CO2 free nitrogen 
and then closed by turning the four-way stopcock. Time delay between sub­
sequent determinations was diminished by adding a second circuit separated 
from the first one by two three-way stopcocks. 
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The analyzer was calibrated by mixing various amounts of air (containing 
0.03 % CO2) with CO2 free nitrogen in a gas mixing pump (Wösthoff). In 
figure 5.5b the output of the gas analyzer is plotted against the CO2 percentage 
of these gas mixtures. The calibration curve of the gas analyzer is not linear. 
At these low CO2 concentrations water vapor in the closed circuit interferes 
with the CO2 reading. This effect of cross-sensitivity could be eliminated com-
pletely by inserting a suitable filter supplied by the firm. 
î 5 
injection ofOJini KHCOj 
15 QO 
C0 2 content (10'·'M/l) 
FIGURE 5.6 Time course of the analyzer output (% CO2) after injection of 0.3 ml of 0.9 
mM/1 KHCO3 into the closed circuit (left). Calibration line of CO2 infrared gas analyzer with 
a closed circuit volume of 268 ± 2 ml (right). 
Figure 5.6 shows the time course of the analyzer output after injection of 0.3 ml 
of a 0.9 millimolar solution of KHCO3. The CO2 content of this sample is 
readily obtained from a plot of the analyzer output in percentage of CO2 
against the CO2 content of various solutions injected into the system. From 
similar experiments it is concluded that estimations of CO2 content in the 
range of 0.1 mM/1 are reproducible to within ± 0.003 mM/1 (8 determinations, 
0.5 ml sample volume. 
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STELLINGEN 
ι 
Carbamino-hemoglobine kan beschouwd worden als een in vivo modificatie 
van hemoglobine, waarbij de configuratie van het hemoglobine molecuul een 
zo geringe wijziging ondergaat dat de 'heme-heme' interactie volledig behouden 
blijft. 
2 
Onder fysiologische omstandigheden treedt CO2 uitsluitend in interactie met 
terminale amino groepen van de α en ß ketens van hemoglobine; dit geldt zowel 
voor hemoglobine in niet geligandeerde toestand als voor oxyhemoglobine. 
3 
Het 'oxylabiele' karakter van de CCb-hemoglobine binding berust voornamelijk 
op een wijziging van de carbamino evenwichtsconstante tijdens oxygenering van 
hemoglobine. Terminale aminogroepen van α en β ketens dragen hieraan bij, 
echter niet in gelijke mate. 
4 
De afwezigheid van enig meetbaar effect van 2,3-diphosphoglyceraat op de 
CO2 bindende eigenschappen van runder hemoglobine kan op grond van de 
primaire structuur van zijn ß keten aannemelijk worden gemaakt. 
5 
De continue registratie van de partiele CO2 spanning in vivo met behulp van 
catheter electroden, gebaseerd op redox potentiaal- of geleidbaarheidsmeting 
opent nieuwe perspectieven voor de klinische en experimentele geneeskunde. 

6 
Meting van de CO2 afgifte door de huid met behulp van de infrarood gas 
analyse techniek volgens van Kempen en Thiele verdient de voorkeur boven 
de eerder toegepaste alkali-neutralisatie methode. 
7 
De hoge mate van CO2 afgifte door de huid waargenomen bij patiënten met 
gegeneraliseerde erythrodermieën wettigt de veronderstelling dat bij deze pa-
tiënten meetbare verschuivingen in het zuur-base evenwicht optreden. 
8 
De invoering van het genormaliseerde eenheden stelsel in de klinische chemie 
leidt, afgezien van de evidente voordelen welke het biedt, tot een aantal incon-
sequenties die in het voorheen toegepaste niet gestandaardiseerde systeem af-
wezig waren. 
9 
Het is wenselijk dat fabrikanten van vaatwasmiddelen de samenstelling van 
toegevoegde producten-verbeteraars (additives) aan hun afnemers bekend ma-
ken. 
10 
De voortdurende inflatie van de gulden komt in het aandelenkapitaal van het 
merendeel der nederlandse ondernemingen niet of onvoldoende tot uitdrukking. 
De winst en de op basis hiervan vastgestelde dividenden geven derhalve een 
veel te rooskleurig beeld van de feitelijke rentabiliteit van het geïnvesteerd ver-
mogen. 
11 
Het recente 'intercity' project van de nederlandse spoorwegen ten spijt lijkt de 
verbinding Roermond-Utrecht aanmerkelijk slechter dan Roermond-Rome. 
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